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Abstract 
 
The correct prediction of petroleum quality constitutes a major challenge for risk assessment 
in petroleum exploration. While oil and gas compositions and PVT properties are routinely 
forecast as part of petroleum systems analysis, the in-reservoir processes that may lead to 
petroleum deterioration cannot yet be adequately quantified. The economically most 
important in-reservoir process is the microbial degradation of hydrocarbon fluids, commonly 
referred to as biodegradation. This process results in an increase of viscosity of the crude oil, 
enrichment in polar and high molecular compounds and a decrease in its economic value.  
 
The occurrence and extent of biodegradation strongly depend on the temperature and charge 
history as well as on reservoir geometry. All of these influences can be quantified by means of 
petroleum systems modelling which is therefore a suitable tool for the assessment and 
prediction of biodegradation.  
 
Based on theoretical considerations and analysis of widely accepted concepts of 
biodegradation, a Microsoft Excel-based calculation scheme named Biodexx has been 
designed in the frame of this study to predict the extent of in-reservoir petroleum 
biodegradation. The mass balance concept is based on a compositional description of the 
petroleum in terms of 14 individual compounds and compound groups. Each is attributed a 
specific "biodegradability" and biodegradation rate to account for observed differences in 
their susceptibility to biodegradation. The necessary information on original petroleum 
composition, temperature histories, reservoir filling rates and volumetrics for individual 
drainage areas is extracted from the petroleum systems models.  
 
Dynamic 3D petroleum systems modelling was performed for two study areas with different 
geological regimes – one onshore and one offshore sedimentary basin. This provided detailed 
information on the timing of petroleum generation and reservoir filling. The temperature and 
charge histories of individual petroleum reservoir traps as well as the respective petroleum 
composition were then used as input to the Biodexx routine. 
 
The first case study was conducted for the Gifhorn Trough area in the Lower Saxony Basin, 
Northern Germany. This study provided a first set of important calibration parameters for the 
prediction of biodegradation processes in petroleum reservoirs. It could be shown that 
reservoir temperature histories were not critical for explaining the present differences in oil 
quality of two reservoirs in the study region. The present day oil qualities are rather controlled 
by the filling histories. For biodegradation prediction this implies that the reconstruction of 
filling histories of reservoirs should be given highest priority.  
 
The second case study from offshore UK aimed to reproduce and explain subtle 
biodegradation-induced differences in oil composition within a single oil/gas field. A new 
flexible workflow for biodegradation prediction in a more complex biodegradation scenario 
was designed and applied in this case study. Here, too, temperature was found to be of minor 
influence on the extent of biodegradation. Instead, biodegradation variations can be attributed 
to different ratios of oil volume vs. oil-water contact area, whereas charge history was found 
to be of lesser importance. The part of the reservoir with the larger oil-water contact area in 
comparison with the oil volume was more biodegraded despite having received a later charge. 
In another section of the field, a larger early charge was almost protected from biodegradation 
due to a small oil-water contact area despite a long residence time.  
 
The results of this work indicate that petroleum systems modelling in combination with a 
simple spreadsheet-based calculation scheme may allow a good qualitative assessment of 
biodegradation risk ahead of drilling. 
 
 
 
 
 
 
 
 
 
 
 
Kurzfassung 
 
Die korrekte Voraussage der Erdöl- und Erdgasqualität stellt eine Hauptherausforderung in 
der Risikobewertung in der Erdöl- und Erdgasexploration dar. Während Erdöl- und 
Erdgaszusammensetzungen und PVT-Eigenschaften inzwischen routinemäßig als Teil der 
"Petroleum Systems Analysis" vorausgesagt werden, lassen sich die Prozesse in der 
Lagerstätte, die zu einer Abnahme der Erdöl- und Erdgasqualität führen, noch nicht adäquat 
quantifizieren. Der ökonomisch wichtigste Prozess in der Lagerstätte ist die mikrobielle 
Degradation von Kohlenwasserstoffen, Biodegradation genannt. Dieser Prozess bewirkt eine 
Erhöhung der Viskosität von Rohöl, eine Anreicherung von polaren und hochmolekularen 
Bestandteilen und eine Abnahme des ökonomischen Wertes.  
 
Das Auftreten und das Ausmaß der Biodegradation hängt stark von der Temperatur- und 
Füllungsgeschichte, sowie von der Lagerstättengeometrie ab. All diese Einflüsse können 
mithilfe des "Petroleum Systems Modelling" quantifiziert werden, das deshalb ein geeignetes 
Werkzeug für die Abschätzung und Vorhersage von Biodegradation darstellt.  
 
Basierend auf theoretischen Überlegungen und der Analyse weithin akzeptierter 
Biodegradationskonzepte, wurde im Rahmen dieser Studie ein Microsoft Excel-basiertes 
Rechenschema namens Biodexx entwickelt, um das Ausmaß der Erdöl- und 
Erdgasbiodegradation in der Lagerstätte vorauszusagen. Das Massenbilanzkonzept basiert auf 
der Beschreibung der Zusammensetzung des Erdöls und -gases mittels 14 individueller 
Komponenten, bzw. Komponentengruppen. Jeder davon wird eine spezifische biologische 
Abbaubarkeit ("biodegradability") und relative Abbaugeschwindigkeit ("biodegradation rate") 
zugewiesen, um den beobachteten Unterschieden ihrer Empfindlichkeit bezüglich der 
Biodegradation Rechnung zu tragen. Die erforderlichen Informationen über die primäre 
Erdöl- und Erdgaszusammensetzung, Temperaturgeschichten, Füllungsraten und 
volumetrische Informationen werden aus den Ergebnissen der Petroleum-Systems-Modelle 
gewonnen.  
 
Für zwei Untersuchungsgebiete in unterschiedlichen geologischen Situationen – ein 
Festlandbecken und ein marines Becken – wurden dynamische 3D Petroleum-Systems-
Modelle erstellt. Diese numerischen Simulationen lieferten detaillierte Informationen über die 
Zeitlichkeit der Erdöl- und Erdgasbildung und der Lagerstättenfüllung. Die Temperatur- und 
Füllungsgeschichten der einzelnen Erdöl- und Erdgaslagerstätten, sowie die jeweilige Erdöl- 
und Erdgaszusammensetzung wurden anschließend als Eingabedaten in das Biodexx-
Programm benutzt.  
 
Die erste Fallstudie befindet sich im Gebiet des Gifhorner Troges im Niedersächsischen 
Becken, Norddeutschland. Für die Voraussage der Biodegradationsprozesse in den Erdöl- und 
Erdgaslagerstätten waren durch diese Studie erste wichtige Kalibrierungsparameter verfügbar. 
Es konnte gezeigt werden, dass die beobachteten Unterschiede in der Erdölzusammensetzung 
der beiden untersuchten Lagerstätten nicht auf deren Temperaturgeschichten zurückzuführen 
sind. Hingegen lässt sich die heutige Ölqualität direkt durch die Füllungsgeschichte erklären. 
Für die Biodegradationsvoraussage bedeutet dies, dass der Rekonstruktion der 
Lagerstättenfüllungsgeschichte die höchste Priorität eingeräumt werden sollte.  
 
In der zweiten Fallstudie, vor der Küste Großbritanniens gelegen, war es das Ziel, subtile 
durch Biodegradation hervorgerufene Unterschiede der Ölzusammensetzung in einem Öl- und 
Gasfeld zu reproduzieren und zu erklären. Ein neuer, flexibler Arbeitsablauf für die 
Biodegradationsvoraussage in einem komplexeren Szenario wurde entwickelt und in dieser 
Fallstudie angewendet. Auch hier zeigte sich, dass die Temperatur einen geringeren Einfluss 
auf das Ausmaß der Biodegradation hat. Stattdessen konnten Variationen der Biodegradation 
durch Unterschiede der Verhältnisse von Ölvolumen zu Öl-Wasser-Kontaktflächen erklärt 
werden, während die Füllungsgeschichte nicht so großen Einfluss hat. Der Bereich der 
Lagerstätte mit der größeren Öl-Wasser-Kontaktfläche im Vergleich zum Ölvolumen zeigte 
ein höheres Maß an Biodegradation, obwohl die Füllung später erfolgte. In einem anderen 
Teil des Feldes wurde ein größeres früheres Ölvolumen trotz längerer Verweildauer aufgrund 
einer kleineren Öl-Wasser-Kontaktfläche nahezu von Biodegradation abgeschirmt.  
 
Die Ergebnisse dieser Arbeit zeigen, dass Petroleum-Systems-Modellierung in Verbindung 
mit einer einfachen Tabellen-basierten Berechnung eine aussagekräftige Abschätzung des 
Biodegradationsrisikos im Vorfeld einer detaillierten Exploration ermöglicht.  
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1 Introduction 
 
Naturally occurring microbial transformation processes in petroleum reservoirs, commonly 
denoted as biodegradation, may have important impact on quality, producibility and 
economic value of crude oils.  
 
The main consequences of the microbial activity are the increase of oil viscosity, density 
(=decrease of the API gravity) and acidity. Mass loss of the oil phase is a result of 
biodegradation as well as contemporaneous generation of gas, especially carbon dioxide and 
methane. Consequently, biodegradation contributes to the formation of heavy oils which is not 
only qualitatively but also quantitatively an important process.  
 
Tissot and Welte (1984) state that among the world's total reserves, the heavy, degraded oils 
are of similar abundance as conventional crude oils. Head et al. (2003) consider the world's 
reserves to be dominated by biodegraded heavy and super-heavy oils which especially occur 
in the foreland basins in North and South America as huge tar sand accumulations. This is 
supported by Hinkle and Batzle (2006) who estimate heavy oil deposits to exceed by more 
than three times the conventional oil and gas reserves. It is very likely that biodegradation will 
become a major issue as exploration extends towards deep-water prospects with shallow 
burial depths and low geothermal gradients (Head et al., 2003).  
 
The extension of petroleum exploration towards deeper offshore target areas with low-
temperature reservoirs carries the inherent risk of encountering biodegraded oils. The high 
exploration risk could be significantly reduced by improving predictability. Therefore, 
substantial effort has been made during recent years to arrive at qualitative or semi-
quantitative predictions of the degree of biodegradation of reservoir oils. Several studies have 
addressed the processes of petroleum biodegradation on the geologic time-scale and provided 
the theoretical background for the description and prediction of the corresponding processes 
(e.g. Head et al., 2003; Larter et al., 2003, 2006; Huang et al., 2004; Larter and di Primio, 
2005). Significant progress has also been achieved in the understanding of the mechanisms of 
biodegradation (Zengler et al., 1999; Wilkes et al., 2002, 2003; Aitken et al., 2004). Wilhelms 
et al. (2001) introduced the concept of palaeopasteurization which requires a good 
reconstruction of the temperature history of the reservoir. Palaeopasteurization occurs when 
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the reservoir temperature exceeds 80 °C during the geologic history which will sterilize the 
reservoir and thus "protect" the oil from biodegradation.  
 
Numerical basin modelling provides an integrated framework for petroleum systems analysis 
and prospect appraisal which is now widely applied in petroleum exploration. Recent 
developments have extended the scope of processes and mechanisms that can be explicitly 
considered in terms of the dynamic evolution of petroleum systems on the geologic time 
scale. These comprise, among others, compositional kinetics and forecasting of PVT 
properties. 
 
Biodegradation processes in petroleum systems cannot be readily described by deterministic 
methods commonly used in numerical basin modelling. This is mainly due to the fact that they 
are not limited to a small, well-constrained set of temperature and pressure conditions but 
appear to depend on a multitude of factors that are only incompletely explored to date.  
 
The development of a tool for quantification of microbial petroleum degradation in the 
reservoir in combination with commercial petroleum systems modelling software was the 
objective of an industry-sponsored project named BioPetS RISK. In this framework this study 
has been performed. BioPetS RISK was a cooperation between IES/Schlumberger (Aachen, 
Germany), Geoforschungszentrum (Potsdam, Germany) and RWTH Aachen University 
(Aachen, Germany) and was sponsored by the industry partners BG, BP, Devon, Norsk Hydro 
(now Statoil), Petrobras, RWE Dea, and Wintershall.  
 
During this study, after thorough review and analysis of the most widely accepted concepts of 
biodegradation mechanisms, a Microsoft Excel-based calculation scheme called "Biodexx" 
has been developed which incorporates quantitative aspects such as oil composition and a 
newly developed specific biodegradation rate function. Theoretical aspects of biodegradation 
and previous approaches to its quantification form the first part of the study. A chapter on 
biodegradation rates including the newly developed scheme and a documentation of the new 
quantitative biodegradation prediction follows and finally the biodegradation prediction 
scheme is applied in two different case studies.  
 
3 
2 The Biodegradation Process 
 
While the consequences of the biodegradation process are well known, the actual processes 
involved remain vague. During the last decade, major progress has been made regarding the 
mechanisms involved. In this chapter, the current and most widely accepted concepts and 
views on biodegradation are summarized. This is done in the following way: at first, the 
biodegradation in total is discussed. Then, preconditions for biodegradation are examined in 
detail before potential limitations of biodegradation are discussed and the consequences of the 
biodegradation process are summarized.  
 
 
2.1 Introduction 
 
For biodegradation to take place, microorganisms, substrate and nutrients are required as well 
as electron acceptors such as sulphate or nitrate or just water. Any absence of these will 
inhibit biodegradation. In addition, temperature influences biodegradation as it affects 
microbial growth rates (see Chapter  6.3).  
 
The most widely accepted concepts of in-reservoir petroleum biodegradation are outlined in 
the scheme by Head et al. (2003) shown in Figure  2-1 and Figure  2-2. Microbial degradation 
is envisaged to occur mainly at the oil-water contact because this interface provides optimum 
conditions in terms of supply of substrate (mainly hydrocarbons) and nutrients.  
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Figure  2-1 Conceptual scheme of petroleum biodegradation processes in natural reservoirs showing diffusion of 
hydrocarbons and nutrients towards the oil-water contact and resulting changes of the petroleum composition 
(Head et al., 2003) 
 
 
Figure  2-2 Simplified conceptual model for biodegradation, diffusion and mixing processes. (Huang et al., 
2004b) 
 
Although the oil leg of a typical reservoir still has a residual water saturation of 20 %, 
significant biodegradation appears to occur only at the oil-water contact as documented 
clearly by the observed gradients (Figure  2-3) that are attributed to diffusive transport of 
hydrocarbons and their continuous removal at the oil-water interface (Figures 2-1, 2-2; e.g. 
Head et al., 2003). Biodegradation could theoretically occur wherever water is present, 
temperature is adequate and provided there is sufficient time for microbial attacks. These 
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conditions are usually prevailing during secondary migration. The reason why biodegradation 
during secondary migration appears to be negligible is that petroleum flows in "oil rivers" as a 
discrete phase (Larter and Aplin, 1995) and therefore has relatively little exposure to pore 
water. This is confirmed by Lafargue and Le Thiez (1996) who investigated sites of contact 
between oil and water in a different context and concluded that interactions have been 
overestimated in the past. Water washing has only a little effect during migration (Lafargue 
and Barker, 1988), indicating that during this period biodegradation is negligible as well. 
Furthermore, migration is considered to occur on a short geological time scale as compared to 
the residence time in reservoirs. Thus, considering common biodegradation rates, the time 
span for migration is usually too short for migrating oil to be significantly affected by 
biodegradation (Chapter  6). Furthermore, flow often occurs at temperatures > 80 °C which 
will not allow biodegradation.  
 
 
Figure  2-3 Variation in the concentration [μg/g oil] of C25-n-alkane, phytane, C30 αβ hopane and αααRC29 
sterane with reservoir depth in the Es3 oil column (after Huang et al., 2004). The gradients form out because 
biodegradation occurs at the oil-water contact (around 1830 m) and at the top of the reservoir fresh oil charge is 
admixed. 
 
The shape of compositional gradients in the oil column depends on biodegradation rate, influx 
of fresh oil and diffusive mixing rate (Figure  2-4, Huang et al., 2004). Convective mixing 
would be expected to eliminate these compositional gradients but this effect has, to the 
author’s knowledge, not been discussed in the published literature.  
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Figure  2-4 Interrelation of charging and biodegradation rate and the formation of gradients (Huang et al., 2004) 
 
Temperature is widely considered as the main controlling factor for biodegradation rates 
(Larter et al., 2003). Another effect of temperature on biodegradation occurrence has been 
identified by Wilhelms et al. (2001) who found that petroleum reservoirs are effectively 
sterilized when during the geologic history the reservoir temperature exceeded 80 °C, the 
palaeopasteurization temperature. The palaeopasteurization model by Wilhelms et al. (2001) 
is depicted in the scheme shown in Figure  2-5. Different views exist with respect to the 
controlling effects of substrate and nutrient supply. Meanwhile it is generally accepted that 
biodegradation processes have to be viewed in the context of the dynamic evolution of 
petroleum reservoirs, i.e. temperature and filling history. Thus, certain oil characteristics such 
as the co-occurrence of a pronounced "hump" of unresolved complex material (UCM) and 
light components can be attributed to mixed oils (e.g. Wenger et al., 2005; Figure  2-6).  
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Figure  2-5 Comparison of continuously subsiding and uplifted sedimentary basins. Charts show schematic burial 
history (top), reservoir temperature history (middle), and petroleum system events (bottom), illustrating 
differences with respect to biodegradation in petroleum reservoirs. Biodegradation of petroleum occurs only in 
sedimentary units that have not been exposed to temperatures exceeding 80 °C ('palaeosterilization') before oil 
charging. (Wilhelms et al., 2001) 
 
 
Figure  2-6 Whole oil gas chromatogram of oil from relatively cool 50° C reservoir. The quality of previously 
biodegraded oil was upgraded by addition of fresh, light re-charge. The pre-drill prediction of reservoirs that 
have received recent re-charge is a challenge in assessing the potential of shallow reservoirs. (after Wenger et al., 
2005) 
8 
2.2 Microorganisms 
 
Many research activities during the last years have concentrated on the understanding of the 
origin and types of microorganisms in petroleum reservoirs (summarized in Magot et al., 
2000 and Röling et al., 2003).  
 
Two potential origins of microorganisms are conceivable: they could either be introduced into 
the reservoir by transport in meteoric waters or derived from synsedimentary organisms. If 
significant transport of microorganisms through flowing water would occur, this should be 
documented by cases where previously sterilized petroleum reservoirs are re-colonized and 
subsequently biodegraded. However, the fact that petroleum reservoirs remain sterile after 
having been heated once to temperatures that will kill all in situ petroleum degraders (80-
90 °C, Wilhelms et al., 2001), leads to the conclusion that all microorganisms present in the 
reservoirs are indigenous and have not reached the reservoir by meteoric waters. Re-
colonization is likely to be impeded by pore sizes in fine-grained rocks that are too small for 
the microbes to move through (Peters et al., 2005).  
 
It has to be kept in mind that microorganisms can also be introduced into the reservoir by 
drilling activities. These potential contaminations complicate the isolation of in situ microbial 
communities. Injection of sulphate-rich waters (sea water) together with the microbes may 
enhance biodegradation. This can result in H2S formation leading to rapid corrosion in the 
drilling equipment (Hamilton, 1985; Cord-Ruwisch et al., 1987). However, these processes 
differ in their characteristics from naturally occurring biodegradation and are beyond the 
scope of this thesis.  
 
Generally each microorganism requires a specific type of electron acceptor for their 
metabolism. With increasing depth, the oxidation zones and thus the available electron 
acceptors (oxygen, nitrate, sulphate, iron (III)) change. For a long time it was generally 
accepted that petroleum biodegradation requires aerobic conditions (e.g. Tissot and Welte, 
1984; Peters and Moldowan, 1993) but recent research results indicate that in situ 
biodegradation in petroleum reservoirs is mainly anaerobic which will be discussed in the 
following.  
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From the observation that biodegradation is limited to depths shallower than about 2.5 km 
(8000 ft.; Price, 1980; see Chapter  2.6.2), it was implied that oxygen is required for any 
microbial alteration to occur. Also, the generally high metabolic rates observed under oxic 
conditions were thought to explain that biodegradation is restricted to aerobic conditions. The 
two main alteration processes in reservoirs, water washing and biodegradation, were therefore 
explained by meteoric waters that supply oxygen and nutrients for the microorganisms and 
remove specific compounds from the oil. After further studies, the relative importance of 
water washing was classified to be less important (Lafargue and Le Thiez, 1996), thus leaving 
biodegradation as the most important process.  
 
The younger hypothesis of biodegradation to proceed anaerobically is supported by the 
understanding of microbial processes in petroleum reservoirs which has advanced 
significantly in recent years. Two different methods have been used to prove the hypothesis: 
microbiological laboratory studies and geological field studies.  
 
Studies by Rueter et al. (1994), Coates et al. (1996), Heider et al. (1999), and Zengler et al. 
(1999) have demonstrated that microbial breakdown of hydrocarbons is possible under 
anaerobic conditions by different mechanisms. However that does not imply that those 
microorganisms are present in the petroleum reservoir where conditions like temperature and 
pressure can be different as are the time scales of microbial processes.  
 
The second approach is based on combined geological and geochemical evidence. 
Sophisticated modelling studies of the amounts of oxygen required with associated water 
movement (Horstad et al., 1992) as well as microbiological evidence showed that aerobic 
biodegradation appears to be an unrealistic option. In the first instance, massive water 
movement would be required which is geologically questionable. Long-distance transport of 
oxygen is unlikely due to its high reactivity (Head et al., 2003). In another approach, when 
analysing the conditions and origin of microorganisms, it was found that even in very shallow 
fresh water reservoirs (< 500 m depth) only anaerobic bacteria occur (Head et al., 2003). It is 
therefore not probable that aerobes are responsible for petroleum biodegradation in the deep 
subsurface. Further support of anaerobic biodegradation comes from studies of metabolic 
products in biodegraded oils have identified compounds that are produced exclusively by 
anaerobic biodegradation such as reduced 2-naphthoic acids (Annweiler et al., 2002; Head et 
al., 2003; Aitken et al., 2004). Furthermore, sulphate-reducing bacteria have been isolated 
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from oil field waters (e.g. Beeder et al., 1994) which provides direct evidence of the presence 
of anaerobic hydrocarbon degraders in petroleum reservoirs.  
 
 
2.3 Substrate (Electron Donors) 
 
Hydrocarbons are the main substrate for microorganisms close to petroleum reservoirs, but 
also more complex molecules such as resins and asphaltenes are potential electron donors 
(Magot et al., 2000). Additionally, other electron donors than petroleum constituents such as 
hydrogen and organic acids (e.g. acetate) have been shown to exist in production waters 
(Barth and Riis, 1992). Any amenable compound first diffuses in the oil column towards the 
oil-water contact, then dissolves in the water and finally diffuses in the aqueous phase in order 
to reach the biodegrading organisms, as it is expected that the biodegrading organisms exist 
dominantly in the water phase (Head et al., 2003). The dissolution of the oil constituents in 
the water phase is probably enhanced by enzymes excreting by the microorganisms (Peters et 
al., 2005).  
 
From laboratory experiments on crude oil it can be concluded that the microorganisms are 
specific to a certain substrate: Wilkes et al. (2003) observed metabolic products of 
biodegradation of North Sea crude oil and could not find aromatic metabolites which suggests 
that the microorganisms investigated only utilize C6-C8 n-alkanes and do not attack aromatic 
compounds. Although this has been seen in a denitrifying environment at 28 °C, the same 
mechanisms are expected for other bacterial groups as for the sulphate-reducing in situ 
petroleum degraders (Kropp et al., 2000).  
 
 
Order of Attacked Compounds 
 
It has been suggested that biodegradation proceeds quasi-stepwise starting with 
biodegradation-susceptible compounds and proceeding to increasingly resistant ones. 
Petroleum compounds are attacked in the order n-paraffins, acyclic isoprenoids, steranes, 
hopanes, diasteranes, aromatic steroids and porphyrins (Peters and Moldowan, 1993). Within 
the compound classes, orders of preferential degradation exist. Thus, within the regular 
steranes the 20R isomers are attacked before the 20S species and the 22R hopanes are more 
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susceptible to biodegradation than their 22S epimers (Peters and Moldowan, 1993). In the C2-
C5 gases, propane and n-butane are preferentially removed and n-butane is more susceptible 
than iso-butane (Wenger et al., 2002).  
 
It appears more likely however, that rather than occurring as a quasi-stepwise process 
biodegradation proceeds simultaneously with different rates for different petroleum 
constituents. Two different (extreme) scenarios are conceivable:  
 
(a) The microorganisms are highly substrate-specific. In this case, only a small number of 
different compounds, maybe even only one compound is the substrate for a specific strain. 
Thus, to account for the observation that most compounds are biodegradable, many different 
types of microbes have to be present. Their metabolic activity relies on the diffusion of their 
substrate. This also means that all compounds are attacked simultaneously and not in a special 
order. The mass of each component n at a given time t(i) can be described by a zero order 
reaction: 
-d mCompn / dt = rn          (1) 
mCompn(i) - mCompn(i-1) / dt = rn        (2) 
mCompn(i) = mCompn (i-1) - (rn * (t(i) – t(i-1)))       (3) 
 
m Compn
t
Comp1
Comp2
Comp3
Comp4
 
Figure  2-7 Scenario (a): mass of components vs. time in the concept of parallel reactions  
 
In scenario (b) which is related to consecutive reactions, substrate-specificity is less 
pronounced. Among the available compounds, preferences are expected but it is also likely 
that the preferred compounds are thus relatively rapidly locally depleted and the 
microorganisms then consume other substrate. Due to the local depletions, on the reservoir-
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scale all oil constituents are consumed at different rates depending on the rate of diffusion 
especially of the preferred compounds. Further information on the microorganisms, different 
consortia and on their behaviour concerning the substrate is required. While also following the 
Equations 1-3, additional constraints exist: the degradation of a compound will only take 
place when the absolute (e.g. ppm) or relative (e.g. Compx/Compy) concentration of a " pre-
component" is under-run. In the conceptual example shown in Figure  2-8 component 1 will be 
degraded first. When a threshold of relative concentration of component 1 to component 4 is 
under-run, degradation of component 4 will start. The same is true for the degradation of the 
more biodegradation resistant components 3 and 2.  
 
m Compn
t
Comp1
Comp2
Comp3
Comp4
 
Figure  2-8 Scenario (b): mass of components vs. time in the concept of consecutive reactions 
 
Scenarios (a) and (b) are the possible extreme scenarios. In suites of progressively 
biodegraded oils it should be possible to estimate which scenario is more likely of to which 
degree a mixture of both mechanisms can be observed. Although it is unlikely, if the absence 
of a compound can be observed while other compounds can be found in the oil in their 
original undegraded abundance that would be a clear indication of scenario (b). Another hint 
could be seen in uniform abundances of biodegradable molecules at different degrees of 
biodegradation. If their mass in the oil is not changed over some stages of biodegradation at 
least for those compounds parallel reactions as in scenario (a) can be ruled out. When using 
suites of biodegraded oils it is important to choose only samples that are not affected by 
different charges or additional degradation processes.  
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2.4 Electron Acceptors and Water as Required Reactant, Products of 
Biodegradation and Stoichiometry 
 
The microorganisms in petroleum reservoirs have been shown to be anaerobes. According to 
the available electron acceptors and the kind of bacteria present, the processes taking place 
can be iron-(III)-reduction, sulphate-reduction, denitrification or disproportioning processes 
coupled with methanogenesis (Heider et al., 1999; Zengler et al., 1999).  
 
Oxidation zones change as energetically preferred electron acceptors are depleted first with 
increasing depth which will define the prevailing processes. Petroleum reservoir waters are 
relatively rapidly depleted in oxygen and nitrate. Sulphate is typically present at low 
concentrations allowing for sulphate-reduction being the prevailing process in addition to 
acetogenesis, fermentation and methanogenesis (Magot et al., 2000).  
 
Zengler et al. (1999) studied the conversion of hexadecane to CH4 and CO2 by a consortium 
of microorganisms from ditch sediments. This consortium was assumed to consist of 
acetogenic (syntrophic) bacteria decomposing hexadecane to acetate and H2, a group of 
archaea cleaving acetate into CH4 and CO2, and another group of archaea converting CO2 and 
H2 to CH4 (Equations 4-7). According to these authors, the syntrophic disproportion reaction 
is always initiated by fermentative bacteria. They are present even under methanogenic 
conditions and their products are the source for methanogens that require simple compounds 
such as organic acids, alcohols and hydrogen (Röling et al., 2003). Heider et al. (1999) 
derived stoichiometric equations for all possible mechanisms such as nitrate-, ferric iron- and 
sulphate reduction as well as methanogenesis and showed that they are thermodynamically 
possible (Equations 8-14). The group used the example of toluene. In this case of toluene 
oxidation, the first step was energy-consuming and does only takes place if the all-over 
energy balance is positive (Equations 11-14).  
 
4 C16H34 + 64 H2O  32 CH3COO– + 32 H+ + 68 H2      (4) 
ΔG = – 929 kJ 
32 CH3COO– + 32 H+  32 CH4 + 32 CO2       (5) 
ΔG = – 385 kJ 
68 H2 + 17 CO2  17 CH4 + 34 H2O       (6) 
ΔG = – 282 kJ 
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Net reaction: 4 C16H34 + 30 H2O  49 CH4 + 15 CO2     (7) 
ΔG = – 1,596 kJ 
Equation 4-7 Stoichiometry and free-energy changes of syntrophic disproportion reactions of organic matter on 
the example of hexadecane (Zengler et al., 1999) 
 
Denitrifying bacteria:  
C7H8 + 7.2 NO3– + 0.2 H+  7 HCO3– + 3.6 N2 + 0.6 H2O     (8) 
ΔG°' = – 3,554 kJ 
     (mol toluene) –1 
Iron(III) reducing bacteria: 
C7H8 + 94 Fe(OH)3  7 FeCO3 + 29 Fe3O4 + 145 H2O     (9) 
ΔG°' = – 3,398 kJ 
     (mol toluene) –1 
Sulphate reducing bacteria:  
C7H8 + 4.5 SO42– + 3 H2O  7 HCO3– + 2.5 H+ + 4.5 HS–     (10) 
ΔG°' = – 205 kJ 
     (mol toluene) –1 
Methanogenic consortia: reactions catalyzed by "proton-reducing" bacteria (a) and methanogens (b,c): 
 (a) C7H8 + 9 H2O  HCO3– + 3 H3C-COO– + 4 H+ + 6 H2     (11) 
ΔG°' = + 166 kJ 
     (mol toluene) –1 
(b) 6 H2 + 1.5 HCO3– + 1.5 H+  1.5 CH4 + 4.5 H2O     (12) 
ΔG°' = – 203 kJ 
(mol toluene) –1 
(c) 3 H3C-COO– + 3 H2O  3 CH4 + 3 HCO3–      (13) 
ΔG°' = – 93 kJ 
     (3 mol acetate) –1 
Sum: C7H8 + 7.5 H2O  4.5 CH4 + 2.5 HCO3– + 2.5 H+     (14) 
ΔG°' = – 131 kJ 
     (mol toluene) –1 
Equation 8-14 Stoichiometry equations of anaerobic bacterial toluene oxidation coupled to the reduction of 
different electron acceptors (Heider et al., 1999) 
 
As can be seen from the stoichiometric equations of the in-reservoir processes, both carbon 
dioxide and methane are generated during methanogenesis (Equation 7). Because carbon 
dioxide is usually not observed in high concentrations along with biodegraded oils (Larter and 
di Primio, 2005) it has been suggested that carbon dioxide reduction to methane is taking 
place and represents the dominant terminal process of in situ petroleum biodegradation 
(Röling et al., 2003; Head et al., 2003).  
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A correlation between carbon dioxide concentration in natural gases, temperature and level of 
biodegradation has been found by Wenger et al. (2002). As shown in Figure  2-9 
biodegradation levels increase with increasing temperature and higher carbon dioxide contents 
in the solution gases are more likely to be found with increased levels of biodegradation.  
 
 
Figure  2-9 Reservoir temperature vs. %CO2 by level of solution gas biodegradation for solution gases from oil 
reservoirs in an area with marine organic-matter-type source. CO2 content generally increases with increasing 
levels of biodegradation. (after Wenger et al., 2002) 
 
 
2.5 Necessary Nutrients 
 
Although the potential role of nutrients in biodegradation processes is regularly emphasized 
and generally acknowledged, little information is available on the exact type and quantities 
required and available. Major nutrients required for biodegradation are expected to be the 
same as in surface degradation processes, i.e. nitrogen and phosphorus (Connan, 1984; Head 
et al., 2003).  
 
While the nutrient nitrogen is available in sufficient amounts as ammonium ions dissolved in 
water, phosphorous is more likely to be limited (Head et al., 2003). In addition, Oldenburg et 
al. (2006) report that the total nitrogen content in common oils ranges from a few tenths of a 
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percent up to several percents by weight and that the petroleum itself may be a source of 
nitrogen at higher levels of biodegradation (PM level > 3, Peters and Moldowan, 1993). 
Nitrogen could not be proven to be limiting biodegradation so that it was concluded that 
phosphorous may be determining the biodegradation rates (Oldenburg et al., 2006).  
 
The nutrients are derived from dissolution of minerals, probably feldspar. The process is 
enhanced by bacteria in situ (Head et al., 2003, and literature cited therein). The nutrients are 
transported by formation waters, the constraints on nutrient supply will reside in (i) the 
presence of sufficient amounts of nutrient-supplying minerals in the vicinity of the oil-water 
interface (ii) the extension and accessibility of the oil-water contact and (iii) the action of 
convective (long-distance) or diffusive (short-distance) nutrient transport towards the sites of 
biodegradative activity. A further potential source for nitrogen is the petroleum itself 
(Oldenburg et al., 2006).  
 
In addition to the main nutrients, microorganisms also require the trace elements 
molybdenum, cobalt and copper. The amounts needed are thought to be small but their 
absence may limit biodegradation (Peters et al., 2005).  
 
 
2.6 Restricting Environmental Factors and Their Impact on the Extent of 
Biodegradation 
 
Apparently, any change in the sub-surface conditions will affect the micro-fauna and will 
require adaptation of the microorganisms. During the evolution of a petroleum reservoir this 
typically leads to microbial communities that are well adapted to the ambient conditions such 
as absence of free oxygen, elevated temperature, and increased salinity. However, the latter 
two may have limiting effects as there are upper temperature and salinity limits for life in the 
subsurface that may be reached or exceeded in petroleum reservoirs. Therefore, these 
influences are discussed here in more detail.  
 
Also geological and physical parameters such as reservoir geometry can impact 
biodegradation extent as they may limit the contact to water and therefore diffusion of 
substrate or nutrients towards the site of biodegradation or may even completely cut the 
access of microorganisms in the water to the oil phase. Theoretically, not only the lack of one 
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or more of the required factors of biodegradation but also the products of biodegradation itself 
can stop any microbial activity which is also commented on in the following.  
 
 
2.6.1 Formation Water Salinity 
 
Frequently, a salinity threshold of 100-150 parts per thousand (Palmer, 1993; Peters and 
Fowler, 2002; Wenger and Isaksen, 2002; Peters et al., 2005) in formation waters is cited as 
the tolerance limit for petroleum degraders. This value was first cited in Palmer (1993) as a 
personal communication by Munneke. However, salinities commonly reported for oil field 
waters (Figure  2-10) are significantly higher which suggests that reservoirs exist that are 
protected from biodegradation due to high salinities in the surrounding waters. Thus, 
especially in the vicinity of salt domes biodegraded oils should not be found.  
 
However, the fact that biodegraded oil fields occur close to salt structures, for example in the 
North German Basin (Boigk, 1981), is in contradiction to the salinity restriction argument. 
Wenger and Isaksen (2002) also state that biodegraded oil fields in connection to high salinity 
waters can occur.  
 
Röling et al. (2003) report that the success of cultivation of microorganisms is even more 
dependant on salinity than temperature. In contrast, it has been inferred by Larter et al. (2006) 
for anaerobic in situ hydrocarbon degraders that salinity is a second-order control on the net 
degradation rate, especially influencing the rate and thus level of biodegradation when salinity 
in the oil field water is close to saturation. Furthermore, the maximum temperature is lowered 
by higher salinities (Wenger and Isaksen, 2002).  
 
The assumption of reservoir water salinity as a limiting factor for biodegradation may be 
based on the observation that biodegraded oils are frequently found in relatively shallow 
reservoirs associated with low salinity waters (cf. Connan, 1984; Peters et al., 2005). 
However, these reservoirs typically also have lower temperatures which equally promotes 
biodegradation rates.  
 
It has to be concluded that the salinity limit value has not been proven conclusively but has 
only been cited as a personal communication and further evidence is lacking. A more 
18 
systematic approach of correlation between the salinity of oil field waters and biodegradation 
occurrence or level of biodegradation would be necessary to judge the actual impact of 
salinity on biodegradation.  
 
 
Figure  2-10 Change in salinity of reservoir waters with depth (after Hunt, 1995) 
 
 
2.6.2 Temperature 
 
Temperature is generally accepted as the first-order control on the rate of biodegradation. Its 
actual impact would best be investigated by means of well-known case studies of similar 
geological situations where the corresponding compositions of the oils are known and only 
temperature histories differ.  
 
Compositional variations of petroleum with depth and temperature, respectively, attributed to 
microbial transformations have been investigated by several workers. In a study of Los 
Angeles Basin Oils, Philippi (1977) found that the ratio of n-C7/total C7 paraffins increased 
with increasing depth and, correspondingly, temperature (Figure  2-11). Biodegradation was 
found to be related to temperature rather than depth and above a certain temperature, this ratio 
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remained essentially constant. The upper limit of biodegradation was attributed to the fact that 
microorganisms are not able to survive higher temperatures in the reservoir (e.g. Philippi, 
1977; Tissot and Welte, 1984). Based on investigations in five different basins, Philippi 
(1977) proposed an average value of 66 °C for this endpoint temperature. In other field 
studies, it was frequently observed that biodegraded oils are not present when the temperature 
exceeds a certain threshold value which is in the range of 60-80 °C (Peters and Fowler, 2002, 
and literature cited therein) and 80-100 °C (Connan, 1984). Uncertainties derive from 
temperature gradients that are not known with sufficient accuracy. Especially for the high 
temperature oils (> 80 °C) it is conceivable that active biodegradation had already stopped 
since temperatures first exceeded the threshold in the past. Because the reservoir dynamics 
(temperature and filling history) were not analysed in these early studies, the approach of 
comparing biodegradation ratios to present day temperatures is likely to have led to 
overestimations of the microbial temperature threshold.  
 
Figure  2-11 Relation of the ratio n-heptane/total C7 paraffins, and reservoir temperature, for Los Angeles basin 
crude oils (after Philippi, 1977) 
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In addition to these field observations, theoretical work and laboratory work on the upper 
temperature limit for hydrocarbon degraders has been carried out by several workers (Stetter 
et al., 1990; Rueter et al., 1994; Stetter, 1996, 1999; Daniel and Cowan, 2000; summarized by 
Magot et al., 2000). Assessing the maximum temperature for life is difficult and depends on 
the environment looked at. Only bacteria and archaea are able to live in environments above 
75 °C, and at even higher temperatures (above 95 °C) only archaea can be found (Daniel and 
Cowan, 2000). The term "thermophilic" refers to microbes surviving at temperatures higher 
than 75 °C; hyperthermophiles grow optimally between 80 and 100 °C (Stetter, 1999) or 85 
and 113 °C (Daniel and Cowan, 2000). 
 
The temperature limit of life is ultimately controlled by the stability of bio-macromolecules 
such as DNA, lipids, enzymes, proteins etc. The stability of these molecules was investigated 
by Daniel and Cowan (2000) who found that many molecules such as proteins and lipids are 
stable up to 140 °C, and that for less stable molecules, mechanisms exist which protect or 
replace them and which are probably effective up to a temperature of 115 °C. Stetter (1999) 
studied various types of extremophiles and stated that microbial life is possible up to a 
temperature range from 113 °C to 150 °C. This is somewhat higher than the range of stability 
for many types of molecules described by Daniel and Cowan (2000) and can be explained by 
rapid re-synthesis of unstable biomolecules which requires "biologically feasible rates" as 
predicted by Stetter et al. (1990).  
 
Microorganisms in petroleum reservoirs exhibit slow, i.e. geological metabolic rates (Head et 
al., 2003; Larter et al., 2003). The main control in this case is thought to be the limited 
availability of nutrients (Head et al., 2003). The low metabolic rates are considered to limit re-
synthesis of biomolecules and therefore the evolution of thermophilic species. It can therefore 
be concluded that hyperthermophiles are not able to thrive in the nutrients-depleted deep 
subsurface such as in petroleum reservoirs. In the following section, different observations 
and predictions concerning microbial degradation processes in petroleum reservoirs will be 
reviewed and appraised.  
 
Hyperthermophilic organisms have first been reported by Stetter et al. (1990) some of which 
show characteristics that are necessary for living in petroleum reservoirs. Furthermore, Rueter 
et al. (1994) stated that "biological sulphate reduction in oil reservoirs is possible up to 
temperatures of around 100 °C". However, findings of hyperthermophiles in petroleum 
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reservoirs such as those isolated from hot North Sea reservoirs (Beeder et al., 1994) are 
misleading since all hyperthermophiles detected so far have probably been introduced by 
surface fluid injections (Larter et al., 2003) or by seawater injections (Wilhelms et al., 2001). 
The 100 °C temperature limit of Rueter et al. (1994) is based on bacteria that were derived 
from production fluids and hydrothermal sediments and therefore may differ from those 
indigenous to petroleum reservoirs. Also the conditions concerning the supply of nutrients and 
electron acceptors that are crucial for the temperature limit were not the same as in petroleum 
reservoirs as they were co-injected.  
 
The impact of temperature on biodegradation also includes palaeopasteurization (Chapters  2.1 
and  2.6.2). This concept which has been investigated by Wilhelms et al. (2001), who assume 
that microbial activity is irreversibly destroyed once the reservoir temperature exceeds a 
certain threshold of 80-90 °C. This may happen before or after the onset of oil accumulation. 
Reservoirs having undergone this sterilization process may contain high quality undegraded 
oil even at low temperatures. This concept is based on the observation that a re-introduction of 
microorganisms by meteoric waters in petroleum reservoirs does not occur. Peters et al. 
(2005) speculate that in many fine-grained rocks, microorganisms may be too large to move 
through them. In a study on microorganisms in a sandstone Colwell et al. (1997) concluded 
that one of their samples must have been recolonized as is had been previously heated up to a 
temperature of 120-145 °C and recolonization with migrating water was hydrodynamically 
probable. In a deeper section of the studied area, contact to meteoric water was impeded and 
no microorganisms could be isolated. This is, however, just an analogue and situations might 
not be comparable with respect to the conditions and the types of microorganisms.  
 
The fact that the temperature limit of biodegradation is frequently reported with 70-80 °C (cf. 
Larter et al., 2003), may either indicate that nutrients are not a limiting factor for 
biodegradation or that nutrient concentrations in the deep subsurface are at a similar level in 
different geological settings and therefore globally exert the same limiting effect on 
biodegradation.  
 
In conclusion, it can be stated that microbial activity in petroleum reservoirs appear to 
strongly depend on the temperature in the reservoir. Hyperthermophiles have frequently been 
found in environments like submarine hydrothermal areas or continental solfataras (Stetter et 
al., 1990) but are probably naturally absent in the deep oligotrophic subsurface where reduced 
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metabolic rates appear to put an upper temperature limit of 80 °C to microbial life (Wilhelms 
et al., 2001).  
 
  
2.6.3 The Influence of Reservoir Geometry/Water Leg and Reservoir Properties 
 
Reservoir Geometry 
 
For the occurrence of biodegradation the presence of microbes, nutrients and electron 
acceptors or water as a reactant is required. All these prerequisites imply the absolute 
necessity of a water leg in which the microorganisms exist.  
 
In a situation where several related reservoirs exist, those that are filled down to an under-seal 
are frequently found to be less degraded as compared to those in contact with a water leg 
(Head et al., 2003; Larter et al., 2003; Huang et al., 2004; Larter et al., 2006) which is the 
result of restricted access to water. 
 
Reservoir geometry is expected to play a key role in biodegradation processes. Due to the 
confinement of the degradation processes to the oil/water interface, biodegradation is 
considered of lesser importance in large oil columns than in smaller ones as the total oil mass 
is larger in comparison to the same size of the oil-water contact area. In general, reservoirs 
with large volume/oil-water contact area ratios will be less prone to biodegradation. High oil 
columns are usually also the result of intense charging and relatively high charge rates that are 
likely to have proceeded faster than biodegradation.  
 
When oil charge ceases, the biodegradation rate is considered to be limited by diffusion of 
substrate (hydrocarbons) within the oil column. In consequence, large oil columns will tend to 
reduce the effects of biodegradation processes because diffusion processes are more efficient 
on small length-scales (characteristic diffusion time increases with the square of diffusion 
distance). 
 
Larter et al. (2003) investigated rates of biodegradation and concluded that biodegradation is 
not limited by the availability of electron acceptors or hydrocarbons at the oil-water contact, 
but that, instead, the supply of nutrients determines the rate of biodegradation. According to 
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this concept, nutrient supply and water leg size are positively correlated with the degree of 
biodegradation (Figure  2-12). Comparable to the water leg, diffusion controls the supply of 
hydrocarbons towards, as well as the removal of metabolites away from the oil-water contact.  
 
 
Figure  2-12 Factors affecting net levels of oil biodegradation. Water leg extent affects nutrient supply and, thus, 
net degradation flux. Water flow may also support nutrient supply to the oil-water contact. Additionally, charge 
history and oil mixing are major factors affecting net oil quality, and high water-leg salinity can severely curtail 
biodegradation. (after Larter et al., 2006) 
 
 
Lithology, Permeability and Porosity 
 
High permeability and porosity may positively influence biodegradative activity in petroleum 
reservoirs as diffusion of all involved components – microbes, substrate and nutrients – 
proceeds at a higher rate (Peters et al., 2005).  
 
Petrology may also influence biodegradation level as for example close-by evaporates might 
enhance biodegradation rates by supplying high amounts of sulphate. Clay minerals may have 
catalytic effects and may thus enhance microbial activity but they also reduce the relative 
permeability of the sediments and thus can reduce nutrient flux. Chapelle and Lovley (1990) 
estimated in situ rates of microbial activity in aquifers by assessing CO2 production rates in 
order to estimate the overall organic matter metabolism rate. They observed that microbial 
metabolism rates were lower in clayey parts of the aquifer compared to more sandy 
lithologies. This effect is attributed to the much smaller pores and therefore lower effective 
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permeability in the clayey sediments (Chapelle and Lovley, 1990). This observation also 
shows that many factors interact and the actual impact on biodegradation is difficult to assess.  
 
 
Hydrogen Sulphide (H2S) 
 
Hydrogen sulphide as a product of sulphate reduction in the reservoir is a potentially limiting 
factor for microbial life. Whereas it can be inferred that concentrations up to about 5 % H2S 
do not affect anaerobic bacteria (Peters et al., 2005), for aerobes to survive, the reservoir 
waters must be free of H2S. However, in the case of thermophilic sulphate reducers 
(anaerobs), Nilsen et al. (1996) could not prove a correlation between the concentration of 
H2S and the number of microorganisms in the production waters of a North Sea oil field.  
 
  
2.6.4 The Influence of Oil Composition and Impact of Previous Biodegradation 
 
For petroleum biodegradation the substrate is normally not a limiting factor in reservoirs (e.g. 
Peters et al., 2005). The oil composition is assumed to influence the biodegradation rate 
depending on the oil viscosity and availability of compounds preferred by the 
microorganisms. Previous biodegradation can lead to depletion of easily biodegradable 
compounds thus slowing down biodegradation rates. Also during biodegradation, oil viscosity 
increases which will slow down diffusion processes through the oil column and with that 
biodegradation rates. This is of special importance on the oil-water contact where even sealing 
tar mat-like pore fillings are suspected (Sun et al., 2005b). The increase of viscosity during 
biodegradation suggests that biodegradation rates will slow down when the position of the oil-
water contact is stable i.e. when oil charge has stopped because then highly viscous products 
might plug the pores. There are even situations conceivable where previous biodegradation 
has led to a layer of highly complex tar-like compounds with high viscosity that act like a 
barrier between the water phase containing the microorganisms and their energy source in the 
oil column. Larter et al. (2006) refer to the level of previous biodegradation as a second-order 
control of biodegradation.  
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2.7 Consequences of Biodegradation 
 
2.7.1 Chemical and Physical Consequences of Biodegradation  
 
During biodegradation, the preferences of the microorganisms, especially the early depletion 
of simple and small chain n-alkanes and the different relative rates of consumption result in an 
enrichment of aromatic compounds and thus a decrease in the H/C ratio which makes the 
remaining oil more dense as reflected by decreasing API gravity values. The amounts of 
nitrogen-, sulphur- and oxygen- bearing compounds (NSO compounds) as well as the metal 
content, especially nickel and vanadium, increase during biodegradation.  
 
Biodegradation results in an increased total acid number (TAN). This increase in acidity is 
also influenced by reservoir mineralogy and cannot be observed in carbonate reservoirs, 
whereas in clastic reservoirs it strongly correlates with API gravity for a given hydrocarbon 
system (Wenger et al., 2005).  
 
The residual compounds in biodegraded petroleum are generally enriched in the heavier 
isotopes (Connan, 1984). This isotopic enrichment is more pronounced in smaller compounds 
(Sun et al., 2005). Also within the aromatics, resins and asphaltenes, a trend towards 13C 
enrichment (increased δ13C values) was observed (Sun et al., 2005). The carbon isotopic 
composition of the whole oil is only slightly affected as are n-alkanes during the initial stages 
of biodegradation (Sun et al., 2005). Changes in the carbon isotopic composition of petroleum 
during biodegradation are mainly observed for n-alkanes with less than 18 carbon atoms, with 
higher molecular weight n-alkanes showing no effect (Sun et al., 2005). Isotopically relatively 
light methane in the gas cap of a reservoir is indicative of methanogenesis and the associated 
anoxic conditions (Sun et al., 2005). The enrichment of heavier isotopes during 
biodegradation in reservoirs can be described by the Rayleigh fractionation model and thus 
can be used for quantification of the process (Sun et al., 2005; Vieth and Wilkes, 2006).  
 
As short chain n-alkanes are degraded preferentially and/or at a relatively high rate, their 
biodegradation relatively increases methane content but at the same time, due to the reduction 
of n-alkanes, the remaining oil has a reduced potential to dissolve gas so that the maximal 
gas-oil ratio of the oil is reduced (Wenger et al., 2002) and the formation of a gas cap may be 
a result of biodegradation.  
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2.7.2 Mass Loss During Biodegradation 
 
While the qualitative ranking of oils in terms of biodegradation based on geochemical data is 
well established (Chapter  3), the quantitative aspects have only been addressed to a limited 
extent. 
 
In the calculations of Larter et al. (2003) the degree of biodegradation and corresponding 
biodegradation rates are based on the "fraction degraded", i.e. the proportion of biodegraded 
oil in relation to the total initial oil. This approach is not strictly quantitative because the 
amount of initial oil in a reservoir can only be inferred. 
 
Figure  2-13 Correlation of biodegraded masses and levels of biodegradation according to the scale of Peters and 
Moldowan (1993) used by Larter et al. (2003); fraction degraded defined by: mdegraded/minitial 
 
The evolution of the overall oil composition from an undegraded to a severely biodegraded oil 
is displayed schematically in Figure  2-13. Shown in this diagram are also the ratios "fractions 
degraded" (mdegraded/minitial). Larter et al. (2003; their Figure 3) relate these "fractions 
degraded" to the corresponding levels of biodegradation on the scale of Peters and Moldowan 
(1993; Chapter  3.1). Thus, for an oil with a biodegradation level of 3 on the Peters and 
Moldowan scale (PM 3) the "fraction degraded" is assumed to be 0.2. The corresponding 
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values for PM 1 and PM 5 are shown in Figure  2-13. The bottom part of this figure shows the 
evolution of the fractions of degraded, non-degraded and non-degradable oil. Here the non-
degraded fraction is made up of the residual degradable fraction and the non-degradable 
fraction. 
 
As outlined by Larter et al. (2003), the residual degradable fraction may be approximated by a 
specific n-alkane (e.g. n-C20) while the non-degradable fraction is represented by the UCM 
hump in the case of heavily biodegraded oils. In the case of undegraded or mildly degraded 
oils the non-degradable fraction is a fictitious parameter denoting the amount of oil that would 
be left after complete biodegradation. It is thus comparable to the "inert kerogen" parameter 
defined in the source rock mass balance scheme by Cooles et al. (1986). 
 
It can be observed that during the biodegradation levels up to 5 (Peters and Moldowan, 1993), 
major mass losses of about 50 % take place in marine oils (Figure  2-14) whereas at higher 
biodegradation levels, structural rearrangements are dominant and further mass losses are in a 
range of less than 20 % (Larter et al., 2005). Larter and di Primio (2005) have found that 
about 42 vol. % of the original petroleum is lost at a biodegradation level of 5 (Peters and 
Moldowan, 1993).  
 
Figure  2-14 Estimates of the proportion of C6+ oil destroyed (y-axis) at each API gravity and approximate 
Peters and Moldowan (1993) biodegradation level (PM 0, 5, 8, etc. on the x-axis) for an initially 36 °API marine 
shale-sourced oil. The estimates are based on changes in bulk composition for a large suite of oils from a major 
petroleum basin and will vary with initial oil composition (after Larter et al., 2005) 
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Carpentier et al. (2005b) have calculated loss during biodegradation on the basis of reservoir 
rock extracts as it is assumed that heavy compounds remain in the reservoir and thus loss of 
mass is underestimated when oil samples are used. Their analysis of nickel and vanadium 
abundances in the extracts compared to biodegradation levels on the scale of Peters and 
Moldowan (1993) show that losses may be dramatic even at low levels of biodegradation: a 
level of 2 is equivalent to a loss of 11 to 50 % of all oil mass. At levels PM > 6 more than 91 
% mass has been reported to be removed (Table  2-1). The mass lost in this concept seems to 
be overestimated.  
 
Table  2-1 Loss of mass during biodegradation at different levels according to the scale of Peters and Moldowan 
(1993) (Carpentier et al., 2005b) 
Level of 
biodegradation 1 2 3 4 5 6
Mass loss [%] 0-10 11-50 51-60 61-75 76-90 >91
 
 
 
2.8 Uncertainties 
 
As shown in the previous chapters there are many uncertainties and open questions which 
prohibit the complete understanding of microbial behaviour and the biodegradation process. 
Those include:  
 
• products of biodegradation and their fate 
• pore water salinity; high salinity might slow down or hinder biodegradation 
• In cases of a relatively fast filling of a reservoir with a following phase that is 
dominated by biodegradation, tar mat like zones that are characterized by solid 
bitumen and therefore low permeabilities might form or high viscosity at the oil-water 
contact due to quality of original oil might slow down biodegradation.  
• microorganisms: What are the different strains? Different microbial communities? 
How restricted are they concerning the substrate? 
• Are there different pathways of biodegradation? (two ways reported: first attack of 
light ends or alternatively of long-chained n-alkanes) 
• inorganic geochemistry: nutrients, trace elements: Which are needed? Where do they 
come from? What amounts are needed? 
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• Does biodegradation depend on the type of reservoir lithology? 
• Is biodegradation substrate-limited at ideal (although realistic) conditions? 
• Does the sulphur-content of the original oil slow down or inhibit biodegradation? 
Wilkes et al. (2000) found that alkyl benzenes in sulphur rich oils are less degraded 
than those in North Sea oils but Pepper and Santiago (2001) report that biodegradation 
proceeds at the same rate in high sulphur carbonate-derived and low sulphur clastic-
derived oils.  
• What is the influence of the reservoir rock pore size distribution? (diffusion, plugging 
of pores is probably not a linear effect) 
• What is the influence of high clay content, does it act as a catalyst? 
• Is biodegradation self-limited if H2S or another poison is produced?  
 
Implications of these uncertainties on future work are discussed in Chapter  11.  
 
 
3 Ranking of Biodegradation Level 
 
In general, there are two different approaches for rank or level of biodegradation. 
Biodegradation scales are used to classify oils on an absolute scale whereas concentrations 
and changes in ratios of two or more different compounds are used to relatively distinct 
between different biodegradation levels.  
 
For all biodegradation scales and parameters it must be kept in mind that biodegradation 
might take place simultaneously with further filling of the reservoir as it proceeds at similar 
time scales (Larter et al., 2003). In these cases the effects of biodegradation become less 
evident or may even be wiped out completely. 
 
 
3.1 Common Biodegradation Scales 
 
The first approach of categorization of biodegradation was a nine-level scale by Volkman et 
al. (1984). Peters and Moldowan (1993) then introduced a scheme (Figure  3-1) that allows 
fast classification for the full range of biodegradation levels. This scale is now being widely 
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used. The scheme is based on the observation that various compound groups of petroleum 
have different susceptibilities to biodegradation and are attacked starting with the more 
susceptible ones (Connan, 1984). The level of biodegradation of oils is characterized by the 
absence of specific compound groups.  
 
 
Figure  3-1 Biodegradation scale, shaded areas represent depleted groups except for the 25-norhopanes that are 
formed at level 6 and destroyed at level 8 (after Peters and Moldowan, 1993) 
 
It is assigned on a scale of 1 (light) to 10 (heavy) depending on how far biodegradation has 
proceeded in removing the compound groups (Figure  3-1). The 25-norhopanes play a special 
role in this biodegradation scale: They are supposed to be formed at a biodegradation level of 
6 and later destroyed at a biodegradation level of 8.  
 
The Peters and Moldowan scale describes the biodegradation levels on a geochemical basis 
irrespective of the relative masses of oil transformed and the quality reduction. From an 
economic point of view the lower biodegradation levels where the most important oil quality 
reduction happens are of major concern. Wenger et al. (2002) thus introduced a new scheme 
(Figure  3-2) that provides a more detailed specification of the Peters and Moldowan 
biodegradation levels 1-5 and considers levels 5-10 as a whole. It is also more precise as it 
uses more compounds to evaluate biodegradation rank.  
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Figure  3-2 Removal of selected compound groups at various levels of biodegradation (Wenger et al., 2002 in 
Head et al., 2003) 
 
Petroleum compositions deviating from the common biodegradation patterns, for example 
light hydrocarbons co-occurring with a pronounced hump of UCM (Figure  2-6), are 
frequently observed. These observations and the fact that biodegradation proceeds gradually 
rather than stepwise (cf. Chapter  2.3), put some practical limitations on the applicability of the 
biodegradation scales. They are, however, still useful for a first qualitative assessment of a 
biodegradation level.  
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3.2 Single Molecular Concentrations as Quantitative Indicators of 
Biodegradation  
 
Huang et al. (2004) studied the saturated hydrocarbons that are attacked during early 
biodegradation and could show compositional changes within the oil column with the saturate 
concentration displayed as wt. % of the residual oil (Figure  3-3). Concentration gradients of 
other compounds, such as C25-n-alkane, phytane, hopane and sterane concentrations (Huang et 
al., 2004), were also studied.  
 
Compositional gradients of the quality of those described by Huang et al. (2004) are rarely 
observed. However, using fractions for the geochemical interpretation is very useful. They 
may also be used for comparisons of different oils within one family to derive a first 
understanding of the extent to which they were biodegraded.  
 
 
Figure  3-3 Variation in saturate hydrocarbon content (wt. % of residual oil) with depth in the Es3 and Es1 
columns (Huang et al., 2004); The different compositional gradients are a result of contemporaneous/late charge 
to the top of the oil column and ongoing biodegradation at the oil-water contact. The lower concentrations and 
the less steep slope in the Es1 column can be explained by a higher level of biodegradation in combination with 
less fresh oil charge as compared to the Es3 column.  
 
 
3.3 Relative Concentrations as Quantitative Indicators of Biodegradation  
 
Relative changes of two (or more) species can be used to rank biodegradation. Just as the 
concentrations this is most useful for comparisons of related oil samples, for example within 
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single oil columns. The most frequently used parameters to characterize early biodegradation 
are pristane/n-heptadecane and phytane/n-hexadecane. For severe levels of biodegradation, 
the 25-norhopanes in relation to the corresponding hopanes or a 25-norhopane ratio (Peters et 
al., 1996) can be used. However, there is no clear direct precursor-product correlation 
between hopanes and the 25-norhopanes (Bennett et al., 2006).  
Larter et al. (2003) propose a "surrogate route to biodegradation rates" by using the ratio of 
the n-C20 gas chromatogram peak over the signal of the UCM hump height at n-C20 as a semi-
quantitative parameter for the degree of biodegradation. The choice of this ratio, denoted as 
L1, is based on the assumption that the UCM in biodegraded oils represents a largely non-
degradable component which can be used as a basis of reference. 
 
Biodegradation parameters should reflect the relative susceptibilities of two or more 
compounds to biodegradation. They may also make use of different accumulation behaviour 
during biodegradation: Trace elements are enriched in the residual petroleum during 
biodegradation (Connan, 1984). A parameter based on trace elements has been applied by 
Larter and di Primio (2005). Following the observation of Olsen (1999) that in contrast to 
non-degraded fields in the same area, several biodegraded oil fields in the North Sea had 
higher levels of cobalt compared to nickel and vanadium, Larter and di Primio (2005) used the 
Co/(V + Ni) ratio to distinguish between differently degraded oil samples. This value 
increases with increasing biodegradation as cobalt concentrations increase more than nickel 
and vanadium (Larter and di Primio, 2005).  
 
 
4 Biodegradation Risk Scale  
 
Oil quality is a major risk in petroleum exploration. The assessment of potential 
biodegradation should therefore be part of any exploration phase to reduce the economic risk 
due to reduced oil quality and high development costs. In cases where detailed information on 
the evolution of a petroleum reservoir is not (yet) available, biodegradation risk assessment 
has to concentrate on the commonly available information. Here we introduce a risk scale 
(Figure  4-1) designed for a quick classification of a reservoir in terms of biodegradation risk 
based on the present day situation. The approach is pragmatic and requires only basic 
knowledge on (i) the existence of a water leg below the accumulation, (ii) reservoir 
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temperature and (iii) geometry. In the following subsections, the influences on the risk of 
encountering biodegraded oil are explained. Further parameters such as salinity of formation 
water and charge history have not been incorporated because they require more detailed 
information and interpretation. The risk on the scale is assumed proportional to oil quality, i.e. 
high risk-low quality and vice versa, because the "risk" here can more be seen as the 
probability of encountering biodegraded oil in different extents.  
 
 
Figure  4-1 Flow-chart for a quick assessment of the risk of encountering biodegraded oil; Criteria are based on 
the present day situation: the presence of a water leg, reservoir temperature and reservoir geometry 
 
In the following, the controlling and potentially limiting factors for biodegradation processes 
and how they can be used for a quick assessment of the biodegradation risk will be discussed.  
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In contrast to the previously developed biodegradation risk scale (Blumenstein, 2004), timing 
is completely excluded here. If information on the charge and temperature histories are 
available the more precise Biodexx tool (Chapter  7) can be used for biodegradation 
assessment. In contrast, when a quick approach is appropriate, this information is generally 
missing.  
 
 
4.1 Water Leg 
 
The absence of the water leg below a reservoir is only rarely seen. In cases where this 
information is missing, it can be concluded that water is present.  
 
The absence of a water leg is thought to minimize any biodegradation in the reservoir (Huang 
et al., 2004). As biodegradation proceeds during continuous filling, the present day situation 
may in many cases provide only insufficient information on the risk. However, when a water 
leg is missing, biodegradation it presently not active and in the time before the structure was 
completely filled, the water leg size already decreased which slowed down biodegradation 
rates. A direct relationship of water leg size on biodegradation rate is not known. It can be 
concluded that structures where the water leg at present day is absent are rather small and 
isolated sand lenses or sand channels. At an average filling rate these structures are relatively 
fast completely filled. Thus, it is assumed that in most instances, the absence of a water leg at 
present day is indicative of a very low biodegradation risk.  
 
 
4.2 Nutrients 
 
As knowledge about the role of nutrients in petroleum biodegradation is incomplete (see 
Chapter  2.6.3), it is not possible to directly integrate this into the risk assessment. If the 
information was available and knowledge would be sufficient, lithologic information should 
be integrated to include the potential source of nutrient. To constrain transport of the nutrients, 
geometric information can be used. This includes in a first step the presence/absence of a 
water leg and in a second step the relative size of the oil-water contact area and oil volume. 
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With smaller oil- water contact areas, smaller amounts of nutrients supporting biodegradation 
are supplied for a thus smaller community of microorganisms.  
 
 
4.3 Present Day Temperature 
 
Wenger et al. (2005) report that predicting oil composition based only on present day 
temperature may lead to significant "surprises" as not only different temperatures in the past 
but also charge history and other reservoir conditions differed and lead to oil qualities that 
were not predicted. Present day temperature is, however, a valuable information and sufficient 
for a rough approximation of the biodegradation risk.  
 
The cut-off temperature for in-reservoir petroleum biodegradation is commonly taken as 
80 °C (Chapter  2.6.2). Reservoirs with high present day temperatures usually constitute only a 
minor problem in terms of biodegradation risk prediction. It is likely that these reservoirs 
experienced high temperatures (and, in consequence, lower rates of biodegradation) also in 
the past. Furthermore, underlying source rocks will be located at temperatures levels that 
promote further supply of fresh petroleum and oil quality improvement even if biodegradation 
has taken place previously. In reservoirs with present day temperatures higher than 80 °C the 
biodegradation risk is generally very low. At 65-80 °C it can be inferred that the risk is 
already reduced. For example Philippi (1977) observed that biodegradation could not be seen 
when the present day temperature in the reservoir was above 82 °C which suggests that a 
statistical approach of taking present day temperature as a first approach to biodegradation 
risk assessment is valid. At temperatures lower than < 65 °C, temperature does not reduce the 
biodegradation risk.  
 
At lower temperatures (< 20 °C), refrigerator effects might be expected (Larter et al., 2006). 
This is so far excluded from the biodegradation risk considerations. In these cases, other 
processes than biodegradation may be dominant such as chemical oxidation.  
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4.4 Reservoir Geometry 
 
As introduced in Chapter  2.6.3, reservoir geometry is expected to play a key role in 
biodegradation processes. Due to the confinement of the degradation processes to the oil-
water interface, biodegradation is considered of lesser importance in large oil columns than in 
smaller ones. In general, reservoirs with large volume/oil-water contact area ratios will be less 
prone to biodegradation.  
High oil columns are usually also the result of intense charging and high charge rates that are 
likely to have proceeded faster than biodegradation.  
 
When oil charge ceases, biodegradation rate is considered to be limited by diffusion of 
substrate (hydrocarbons) within the oil column. Diffusion processes are more efficient on 
small length-scales (characteristic diffusion time increases with the square of diffusion 
distance). Therefore, in large oil columns the relevance of diffusion and thus of 
biodegradation processes is reduced compared to small oil columns.  
 
 
5 Previous Approaches to the Quantification of Biodegradation 
 
Several authors have published results on quantification of biodegradation which will be 
discussed in the following. Although these approaches reflect biodegradation behaviour, no 
applications have been published and they have not been found useful for application in a case 
study (Blumenstein et al., 2008; Chapter  8).  
 
 
5.1 Biodegradation Index (BDI) 
 
One of the first published attempts to quantify in-reservoir petroleum biodegradation was the 
approach of Yu et al. (2002) who proposed a Biodegradation Index (BDI) to assess the degree 
of biodegradation as a function of the temperature history of a petroleum reservoir 
(Equation 15).  
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Here the intensity of biodegradation is related to the difference between the reservoir 
temperature Ti during a given time-interval ∆ti and a critical temperature Tc (above which no 
further biodegradation takes place). The parameter C is a basin-dependent scaling constant 
reported to range between 200 and 400 Ma for the Gulf of Mexico reservoirs investigated by 
Yu et al. (2002). Closer inspection of the algorithm reveals inconsistencies in terms of units 
and algebraic signs. Thus, a unit of Ma for parameter C, as stated by Yu et al. (2002) results 
in a BDI that is not unitless but has the unit of temperature. Furthermore, the BDI as 
formulated above is not constrained to a certain range of values and may become positive or 
negative. Thus, the five-level classification of biodegradation based on BDI values between 0 
and 1 referred to by Yu et al. (2002) is not compatible with the above formulation. Positive 
BDI values (Ti > Tc) would indicate a predominance of periods of non-biodegradation during 
which the reservoir temperature exceeded the critical temperature threshold for bacterial 
activity. The authors do not state explicitly how this compensation effect is envisaged 
mechanistically but demonstrate that this semi-empirical BDI provides reasonable predictions 
for the state of biodegradation of many petroleum reservoirs, particularly in young basins with 
recent petroleum charges.  
 
The model of Yu et al. (2002) does not take into account the quantities of oil charged into the 
reservoir during phases of biodegradation and non-biodegradation. Although the BDI 
approach represents an important step in the attempts to predict petroleum degradation 
processes it is not found useful in terms of a rigorous process description and quantification.  
 
The plot of temperature vs. time since hydrocarbon charge (Figure  5-1) shows the regions of 
biodegradation and non-biodegradation separated by the "critical temperature line". Here the 
BDI is represented as a time-temperature integral with positive contributions while the 
reservoir temperature is below the "critical" value and negative contributions when the 
"critical temperature" for biodegradation is exceeded. 
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Figure  5-1 Scheme of the BDI concept. The area below the critical temperature represents the biodegradation 
risk (pink area) with a positive value and the area above the critical temperature represents no biodegradation 
(green area). The green area also represents the fluid quality improvement when charge is recent and continuous. 
(after Yu et al., 2002) 
 
 
5.2 Biodegradation Index Pro (BDIpro) 
 
Wilhelms et al. (2004) proposed another biodegradation index termed BDIpro (Equation 16), 
which is an extension of the BDI of Yu et al. (2002).  
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The BDIpro takes into account the filling history of the reservoir by using the increase of oil 
column height during a given time interval (∆t) as a weighting factor. Otherwise it resembles 
the BDI in terms of providing a sum of positive and negative increments proportional to the 
amount of petroleum entering the reservoir during the corresponding time interval. A unit for 
the constant C has not been reported. Although the BDIpro approach is more advanced than the 
BDI formalism, it still represents just a first approximation to the description of the controls of 
temperature and filling history on petroleum degradation and does not take into account 
processes such as loss of oil (spilling) from the reservoir.  
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5.3 Oil Property Index (OPI) 
 
The oil property index (OPI), proposed by Wilhelms et al. (2004) represents a more refined 
approach to predict oil properties as a result of biodegradation and charge history.  
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Here, according to the authors, T0 is the sterilization temperature, while the parameters 
degradation factor and reservoir factor are not explained in this poster contribution. Like the 
other biodegradation parameters, the OPI sums up increments of biodegradative conversion 
during individual time intervals. The rate or intensity of biodegradation is linearly 
proportional to the difference between a reference temperature and the reservoir temperature 
during the time step under consideration.  
 
 
5.4 BioTem-Approach (Carpentier et al., 2005) 
 
The BioTem-approach aims at estimation of the biodegradation level based on basin modeling 
results. The approach is based on the assumption that the amount of bacteria will determine 
the extent of biodegradation and that biodegradation is only active during reservoir filling and 
below 80 °C. The amount of bacteria could be calculated as a function of reservoir depth 
(Carpentier et al., 2005 und Carpentier et al., 2005b).  
 
In an earlier publication by Parkes et al. (2000) it becomes evident that this is a rather rough 
approximation. Carpentier et al. make use only of the data given in Cragg et al. (1999). There 
is, however, a generally large scattering in the data as can be seen in Parkes et al. (2000; 
Figure  5-2). On a log-log scale, a linear relationship between depth and bacterial numbers can 
be observed (Figure  5-3), but what is most important, the zone investigated for microbial 
populations does not exceed 1000 m. Petroleum reservoirs are often below that depth and as 
the depth-bacterial population correlation is logarithmic, the extrapolation of the results 
presented in Cragg et al. (1999) does not seem valid. It is also questionable that the 
relationship is valid for all geologic settings including different ages, temperature histories, 
lithologies etc. Even if the number of microorganisms in the petroleum reservoir would be 
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known, it does not mean that it can directly be used to derive a biodegradation level as other 
influences might be determining biodegradation occurrence and extent.  
 
 
Figure  5-2 Depth distribution of subsurface bacterial populations. Bacterial numbers are shown on both linear 
(a) and logarithmic (b) scales. Solid curve represents the general regression-line model, with 95 % upper and 
lower prediction limits shown by dashed curves (Parkes et al., 2000) 
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Figure  5-3 Correlation of non-hydrothermal subseafloor bacterial populations with depth (Parkes et al., 2000) 
 
 
5.5 Larter Group-Approach  
 
A more rigorous approach to the quantification of biodegradation processes was presented by 
Larter et al. (2003, 2006). Based on field and laboratory experience these authors introduced 
the term "degradation flux", i.e. degradation rate normalized to unit areas of oil-water contact 
(units: kg · m-2 · a-1). This degradation flux is assumed to depend mainly on reservoir 
temperature. Larter et al. (2003) considered a vertical petroleum column in which removal of 
saturated hydrocarbons proceeds either as a first order reaction, dependent on hydrocarbon 
concentration, or as a zero order reaction with a constant degradation rate. Recently, Larter et 
al. (2006) investigated degradation fluxes of individual petroleum fractions and compounds. 
 
This latter work indicates the attempt to tie the biodegradation processes to the dynamic 
evolution of the petroleum system. However, the approach is still incapable of taking into 
account dynamic changes in e.g. reservoir geometry, filling rates or petroleum composition. In 
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a case study by Adams et al. (2006) charge has been considered by using assumed, reasonable 
charge rates.  
 
 
6 Biodegradation Rates 
 
This chapter describes conceptual models of biodegradation rates in petroleum reservoirs and 
provides arguments to justify their application in quantitative models. Apart from the concepts 
discussed here, further relationships of biodegradation rate with temperature are conceivable. 
The topic definitely requires further, more detailed investigation.  
 
The term "biodegradation rate" is not very well defined in the literature. Therefore one of the 
prerequisites for a quantitative description of these processes is a precise definition in the 
context of this study. 
 
By inference, the term biodegradation rate as used by Larter et al. (2003) denotes the ratio of 
amount of oil lost by biodegradation per unit time vs. total initial oil:  
 
dtm
dm
rSL ×
=
oil initial
degraded  [kg · kg-1 · yr-1] (18) 
 
The resulting unit for the biodegradation rate rSL is kg hydrocarbons degraded/kg initial 
oil/year. For large oil columns the ratio of degraded oil/initial oil may be small because 
biodegradation is assumed to take place only in a small section of the oil column (oil-water 
contact). This will result in an underestimation of biodegradation rates and vice versa for 
small columns. Furthermore, it does not take explicitly into account the process of successive 
filling of the reservoir.  
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6.1 Influences on the Biodegradation Rate 
 
As described in Chapter  2.6, there are many factors that might restrict or enhance 
biodegradation. The main influences on the biodegradation rate can be summarized as 
follows. 
 
• temperature and temperature history: main influence on the biodegradation rate 
• nutrient availability: 
o lithology: rock composition close to oil-water contact will determine nutrient 
availability 
o flow of meteoric water, salinity 
o water leg size and relative volumes of oil and water: determines availability 
and accessibility of nutrients 
• microbes and consortium of microbes 
• oil viscosity and composition, also previous biodegradation which will influence 
diffusion 
 
 
6.2 Unit of Biodegradation Rates 
 
It is generally accepted that in situ petroleum biodegradation is localized at or near the oil-
water contact. This concept justifies the assumption of a zero-order rate law because, 
irrespective of the oil column height and thus the amount of original oil, occurrence of 
biodegradation is limited to a restricted zone (depth interval). A zero-order degradation model 
implies that biodegradation at a given temperature takes place at a constant rate.  
 
For the present study a biodegradation rate function was defined in terms of mass of oil 
biodegraded per unit time. Furthermore this mass is normalized to a specific area (m²). Thus, 
the unit of the biodegradation rate is kg · m-2 · Ma-1; conversions to other units are 
straightforward. The resulting biodegradation rate is consequently defined as:  
dtA
r
×
= degradedtionbiodegrada
dm
 [kg · m-2 · Ma-1] (19) 
(A = oil-water contact area) 
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6.3 Bacterial Growth Rates 
 
Growth rates of individual cultures of bacteria and archaea have been investigated in 
laboratory experiments in numerous microbiological studies. These experiments were 
performed under well-defined conditions with optimum nutrient and substrate supply. They 
therefore differ grossly from those prevailing in petroleum systems in the subsurface. 
Nevertheless, some principal results of these studies are considered to be of relevance for the 
understanding and description of microbial processes in petroleum reservoirs on the geologic 
time scale.  
 
Ratkowsky et al. (1983) proposed the following relationship between growth rate (r) and 
temperature (T) for bacteria: 
 
[ ]( ))(exp1)( maxmin TTcTTbr −−⋅−=  (20) 
 
It describes the increase in growth rate as an optimum growth temperature (Tmax) is 
approached, while at higher temperatures growth rates decrease "owing to the inactivation or 
denaturation of proteins or to other factors" (Ratkowsky et al., 1983). 
 
A typical biokinetic growth rate function is shown schematically in Figure  6-1. The shape of 
the curve is similar for all bacteria, but optimum growth temperatures vary, as well as the 
slopes. 
 
Optimum growth temperatures of hydrocarbon degraders in petroleum reservoirs have not 
been reported, but growth rate functions can probably be used when their parameters are 
adjusted in order to model petroleum biodegradation rates in reservoirs.  
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Figure  6-1 Biokinetic growth rate (after Ratkowsky et al., 1983) 
 
 
6.4 Actual Biodegradation Rates in Reservoirs 
 
The overall rates of biodegradation were estimated by Larter et al. (2003). They used three 
different approaches: the first is an assessment of the minimum rates based on the 
simplification that biodegradation occurs uniformly throughout the oil column. The minimum 
rates were derived by dividing the degree of biodegradation (mass biodegraded/initial mass) 
by the time since filling. For the degradation rates as defined in Chapter  6.2, the shown 
degradation rates have to be related to the relative size of the degradation zone. Minimum 
biodegradation rates were derived for various levels of biodegradation (Figure  6-2).  
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Figure  6-2 Minimum degradation rates [kg hydrocarbons degraded/ kg oil/ year] vs. minimum residence time 
[Ma] assessed for oil fields from USA and Europe. The contour lines represent the oil fractions degraded (0.05, 
0.1, etc.), the approximate equivalent Peters and Moldowan scale levels of degradation indicated by PM 1, PM 3 
etc. (after Larter et al., 2003) 
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In the second approach, the rates were derived from compositional diffusion gradients based 
on diffusion of n-alkanes to the oil-water contact. In a numerical model, biodegradation was 
assumed to occur at the oil-water contact in a zone of 2 % of the total column height. 
Comparisons with actual gradients from oil fields in China gave estimates of average 
biodegradation rate. As the maximum degradation rate is ultimately controlled by diffusion of 
hydrocarbons to the oil-water contact, the calculation could demonstrate that the maximum 
first order rate constants of biodegradation (10-4 yr-1) are well above the observed rate 
constants (10-7 -10-6 yr-1; Larter et al., 2003). From this calculation it was concluded that 
biodegradation rates are limited by other factors such as the availability of nutrients and/or 
electron acceptors.  
 
For the third approach a geochemical parameter was defined that is based on the occurrence of 
mixed oils (admixture of non-degraded oil to degraded oil in a reservoir). The L1 parameter is 
the height ratio of the n-C20 GC-peak and the hump at this position. This parameter has values 
of 10-20 for a non-degraded oil and decreases with increasing biodegradation. For 
biodegraded oils the L1 value is typically < 0.1. Therefore it can be used to identify mixed 
non-degraded/degraded oils or assess the degree of mixing, respectively. In a model run by 
Larter et al. (2003), degradation as well as charging was included. If both processes proceed 
at similar rates, the L1 parameter is close to one. If one of the processes is one order of 
magnitude faster than the other, its influence is dominating and the oil appears to be either 
degraded or non-degraded. The common occurrence of mixed oils therefore indicates that 
charging and biodegradation timescales are similar. Typical times required for petroleum 
generation and expulsion are in the order of 10-15 Ma. Degradation timescales for removal of 
the n-alkanes, which account for about 10 % of the oil, were thus estimated with around 5-
10 Ma which also confirms the rates that were derived during the second approach (Larter et 
al., 2003).  
 
 
6.5 Biodegradation Rate Models 
 
A scheme for prediction of biodegradation by Wilhelms et al. (2004b) was analysed here in 
detail. The authors do not comment on the rate concept used, but the data suggest that it 
corresponds to the shape shown in Figure  6-3. Dimensions of the slopes and the rate 
maximum appear to be derived from a biokinetic growth function (Figure  6-1).  
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Figure  6-3 Rate concept of Wilhelms et al. (2004b) 
 
Similarly, Larter et al. (2006) describe typical biodegradation fluxes for fresh petroleum in 
clastic reservoirs. The rates range from 10-4 to 10-3 kg · m-2 · a-1. They are at zero near 80 °C 
and increase with decreasing temperatures until they reach a maximum flux at temperatures of 
less than 40 °C where they are less than 10-3 kg · m-2 · a-1 (Figure  6-4).  
 
 
Figure  6-4 Rate concept of Larter et al. (2006) 
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6.6 BioPetS Concept on Biodegradation Rates 
 
It is obvious that the biodegradation rate function introduced here is preliminary and may be 
subject to modification as an improved understanding of the degradation processes emerges. 
 
As already mentioned, not much is known about the microorganisms degrading petroleum in 
reservoirs and their potential adaptation to the prevailing temperature conditions in geologic 
time. It is conceivable that the communities of bacteria and archaea colonizing a petroleum 
system maintain a characteristic optimum growth temperature range with biodegradation rates 
declining both towards lower and higher temperatures (Figure  6-1). This behaviour would 
then be represented by a biodegradation rate function similar to the growth rate curve shown 
in Figure  6-1.  
 
However, it must be assumed that biodegradation is caused by a community of bacteria and 
archaea (see Chapter  2.2). Each group of microorganisms has an individual optimum growth 
temperature so that the "mixture" of different bacteria and archaea and the limiting character 
of nutrients will lead to growth rates that are essentially constant at lower temperatures 
(resulting from overlaps of the different growth rate curves and because the overlapping 
curves are possibly cut off due to lack of nutrients) and decline when temperatures reach 
levels that severely affect the metabolism of the microorganisms and ultimately lead to a 
sterilization of the reservoir. This concept is supported by the observations of Pepper and 
Santiago (2001) who report that biodegradation is widely insensitive to depth, "provided that 
temperature field is cool enough". Furthermore they point out that high degrees of 
biodegradation (PM 5 or higher) are rarely found in reservoirs that are currently above 75 °C. 
Both observations could be explained by a constant biodegradation rate that declines at higher 
temperatures.  
 
The BioPetS biodegradation rate function rbiodeg is thus here defined as: 
 
rbiodeg = rmax      , T ≤ T1    (21) 
rbiodeg = rmax · exp -((T – T1)2 · (0.5 ·σ −2))   , T > T1    (22) 
 
The maximum degradation rate is thought to be mainly determined by nutrient availability. 
Hence, rmax denotes the maximum biodegradation rate in the specific geological setting, i.e. it 
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is the maximum amount of oil that can be degraded in a specific time interval. The 
temperature T1 defines the onset of the decline of the biodegradation rate and the σ is a 
measure for the width of the temperature interval within which biodegradation rate declines 
(rbiodeg = 0.61 · rmax at T = T1 + σ). For T ≤ T1 biodegradation is assumed to proceed at 
maximum rate (Equation 21).  
 
The biodegradation rate function possibly does not reflect microbial community behaviour at 
lower reservoir temperatures. Here a decrease with decreasing temperature may be expected, 
as observed for biokinetic growth rates in the laboratory (Ratkowsky et al., 1983) and as 
adopted by Wilhelms et al. (2004b). At very low reservoir temperatures, refrigerator effects 
might be expected that slow down microbial activity (Adams et al., 2006; Larter et al., 2006).  
 
 
Figure  6-5 Concept for biodegradation rates: constant biodegradation rate rmax with increasing temperature until 
a critical temperature T1 is reached; above that temperature rates decrease depending on σ (rbiodeg = 0.61 · rmax at 
T = T1 + σ) 
 
Other conceptual biodegradation rate curves are also conceivable and will be discussed in the 
following. Those curves could be integrated in biodegradation assessment. The most simple 
possible biodegradation rate curves directly reflect microbial growth rates (Figure  6-6, Figure 
 6-7). When biodegradation of individual compounds is investigated, the use of these functions 
might be justified. However, when biodegradation is modelled for the whole oil or in 
compound groups, it seems improbable that these curves reflect in situ biodegradation. The 
rate function in Figure  6-6 requires knowledge of the shape of the curves area around the 
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maximum which is difficult to derive so that it is more suitable to use the function in Figure 
 6-7 for single compound biodegradation.  
 
Figure  6-6 Possible biodegradation rate model based on a simplified microbial growth rate curve. Parameters are 
the slopes of the sides, the maximum and the shape of the curve. 
 
 
Figure  6-7 Possible biodegradation rate based on a simplified microbial growth rate curve. Parameters are the 
slopes of the sides and the maximum. 
 
The biodegradation function shown in Figure  6-8 is based on the BioPetS biodegradation rate 
function (Figure  6-5) but also takes into account that with increasing temperatures diffusibility 
of the petroleum constituents is increased which enhances biodegradation. Biodegradation 
behaviour like this seems probable. However, it is not found useful to use a biodegradation 
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rate function like this as it requires quantification of the diffusibility-related increase of the 
biodegradation rate. 
 
Figure  6-8 Possible biodegradation rate similar to the BioPetS biodegradation rate function but with linearly 
increasing rate up to a maximum which reflects the positive correlation of temperature and diffusibility and thus 
preferable conditions for biodegradation. Parameters are the same as in Figure  6-5 and additionally the slope of 
the increase up to the maximum is required. 
 
The rate functions discussed so far do not reflect microbial behaviour at lower temperatures as 
it can be observed that at low reservoir temperatures microbial activity is slowed down 
(refrigerator effect; Larter et al., 2006). In the biodegradation rate function shown in Figure 
 6-9 this is included. It is probable that this will displace the current BioPetS rate function 
(Figure  6-5) when calibration of the lower temperature range is possible. Further refinement 
of the rate function is possible and would involve diffusibility effects (Figure  6-10), however 
the additionally required values for the curve parameters seem unrealistic to derive. Thus, so 
far, the use of the BioPetS biodegradation rate function (Figure  6-5) is reasonable. With 
increasing knowledge it may be refined and when suitable calibration data are available, a rate 
function involving diffusibility and decreasing biodegradation rates with decreasing 
temperatures below a certain value should be aimed for.  
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Figure  6-9 Possible biodegradation rate based on microbial growth rate curves but with no maximum at an 
optimum temperature which is caused by the limitation of nutrients which limit biodegradation. Parameters are 
the maximum, the two temperatures above and below which the rates are slower, and the shape of the slopes. 
 
 
Figure  6-10 Possible biodegradation rate based on microbial growth rate curves but with no maximum at an 
optimum temperature which is caused by the limitation of nutrients which limit biodegradation. The slope of the 
line cutting the otherwise typical growth rate function is caused by the positive correlation of temperature and 
diffusibility and thus preferable conditions for biodegradation. Parameters are the maximum, the two 
temperatures above and below respectively the rates are slower, the shape of the sides and the slope of the line. 
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7 New Workflow for the Prediction of Biodegradation 
 
7.1 Introduction 
 
The biodegradation and oil property indices by Yu et al. (2002) and Wilhelms et al. (2004) 
described in Chapter  5 use the same basic concept of a linear temperature dependence of the 
biodegradation rate and a cut-off temperature at which the biodegradation rate drops to zero. 
The mathematical formulations imply negative biodegradation rates as soon as the reservoir 
temperature exceeds this value. No comments or justifications regarding this issue were found 
in the corresponding publications. It has been recognized that the filling rate of the reservoir is 
an important factor for prediction of the degree or importance of biodegradation (e.g. Larter et 
al., 2003). Thus, evolution of the oil column height has been incorporated into the more recent 
formulae of BDIpro (Chapter  5.2).  
 
Altogether the published formulae for the prediction of biodegradation appear still quite 
crude. In particular, it became evident that a precise definition for the degree of 
biodegradation is missing. This is, however, a prerequisite for a quantitative approach to 
biodegradation as well as a consistent formulation of the processes considered. 
 
During this biodegradation study a computational scheme named Biodexx has been designed 
to model the effects of biodegradation on petroleum composition in reservoirs for known 
temperature- and filling histories. It makes use of petroleum systems output data. 3D models 
are required for the quantification of the biodegradation process. The calculation is performed 
in an Excel workbook using Microsoft Visual Basic for Applications (VBA) code. At present 
there is no feedback of the results to the basin modelling software so that any impact of 
migration and accumulation of previously biodegraded petroleum is not taken into account. 
The basic concepts and assumptions for the biodegradation model are explained in the 
following sections.  
 
Biodexx, which is described in this chapter does not only contain a new approach to 
biodegradation prediction but also allows for calculation of BDI (Yu et al., 2002), BDIpro 
(Wilhelms et al., 2004) and degradation of the saturate fraction according to Wilhelms et al. 
(2004b).  
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7.2 Background: Petroleum Systems Modelling  
 
Petroleum systems modelling is a numerical simulation technique applied in the petroleum 
industry and in research. It is used to model the evolution of a sedimentary basin through 
time. Physical and chemical processes such as compaction and pressure development, 
petroleum generation, expulsion, migration, accumulation and phase behaviour can readily 
described by this method. All basin modelling background and software described here refers 
to 3D petroleum systems modelling only.  
 
The finite element simulation is based upon a conceptual model which is translated into a 
quantitative description of sedimentary deposition, a framework that is discrete in time and 
space dimension. The present day geometries and representative petrophysical properties are 
used at first for back-stripping which calculates the original depositional thickness. The 
geological evolution of the basin is then simulated in a sequential forward modelling process: 
the decompacted layers are deposited in chronologic order. Thermal evolution as response to 
both the heat transport and thermal properties of the rocks is calculated as well as compaction 
and pressure evolution during the burial. This information is usually used for the calculation 
of the timing and amount of petroleum generation, other pre-defined kinetic processes, multi 
phase flow (migration), accumulation, and petroleum phase composition and behaviour. The 
results of the simulation are validated by calibration against measured data such as maturity 
indicators (e.g. vitrinite reflection data), temperatures, pressures or porosities.  
 
For a detailed discussion of the basin modelling concept and limitations see Poelchau et al. 
(1997) and Yalçın et al. (1997). 
 
The BioPetS member IES/Schlumberger is the provider of the PetroMod basin modelling 
software for which Biodexx was developed. The Biodexx tool makes use of output data from 
the PetroMod software: the PetroCharge Express program extracts and summarises all 
petroleum amounts and compositional data, which are found in reservoir rocks, during the 
simulation. If the according option is chosen in the simulator, the relevant files will be written 
for each reservoir layer and for each time step defined in the output ages table in the 3D input.  
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7.3 Biodexx Concept 
 
A first method implemented into the Biodexx concept is a bulk oil approach that divides all 
oil into a degradable and a non-degradable fraction (cf. Chapter  2.7.2). This concept was 
further refined by calculating biodegradation with all components being attacked 
simultaneously and according to the biodegradability and relative biodegradation rates of the 
individual components. The background for this is that conceptually, biodegradation can be 
envisaged to proceed either in a sequential way (start of the attack of component B is when 
component A has already been attacked up to a certain degree) or in a parallel fashion (the 
component A and B are attacked at the same time). The first mechanism reflects a quasi step-
wise sequential biodegradation (Peters and Moldowan, 1993) but requires the definition of 
rules for the sequence and the onset of biodegradation of each component with respect to the 
previous one. This quasi step-wise biodegradation can be questioned as compositional 
molecular analysis of petroleum samples at different stages of biodegradation has clearly 
shown that biodegradation affects all oil components simultaneously and with the same 
intensity (Peters et al., 2005). Therefore the parallel degradation approach is used in Biodexx.  
 
For computational reasons it is not feasible to treat each compound individually. Therefore, 
suitable components which are groups of compounds have to be defined by lumping together 
compounds with similar biodegradation characteristics. This compositional approach to 
biodegradation risk assessment was chosen in order to be able to calculate petroleum quality 
changes as a function of degradation (e.g. API gravity decrease) as well as to take into 
account changes in petroleum phase behaviour. The compositional definition used is that 
defined by the PhaseKinetics approach of di Primio and Horsfield (2006), these 14 
components and corresponding kinetics are already integrated into PetroMod.  
 
All components have been attributed specific values for biodegradability according to their 
relative individual susceptibility to biodegradation (Table  7-1).The biodegradability concept 
assumes that even after complete biodegradation of a given component some non-
biodegradable residue will remain and that this fraction is a specific value for each 
component. These values are based on experience, observations and reports in the literature 
(e.g. Connan, 1984; Peters et al., 2005). Even after complete biodegradation of a given 
component some non-biodegradable asphaltic, hydrogen-lean residue will remain and this 
non-degradable fraction is a characteristic value depending on the original hydrogen content 
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of each component. Furthermore it is assumed that the rate of biodegradation is different for 
each component so that relative biodegradation rates have been introduced (Table  7-1). 
 
Table  7-1 Relative biodegradabilities and relative biodegradation rates used in this study for the components 
(with their characteristic number of carbon atoms) defined by di Primio and Horsfield (2006) 
Component Number of C atoms Biodegradability
Relative 
biodegradation rate
Methane 1 - -
Ethane 2 +++ +
Propane 3 +++ +++
i-Butane 4 +++ ++
n -Butane 4 +++ +++
i-Pentane 5 +++ ++
n -Pentane 5 +++ ++
n -Hexane 6 +++ ++
PK_P10 7-14 ++ +++
PK_P20 15-24 ++ ++
PK_P30 25-34 ++ ++
PK_P40 35-44 + +
PK_P50 45-54 + +
PK_P60+ 55-80 + +
 
 
The results for this calculation are given in masses of remaining oil and its composition in 
terms of the 14 components. Surface liquid API gravity is calculated from this remaining fluid 
composition using the API calculation method of Standing-Katz (Danesh, 1998). 
 
The integration of a biodegradation risk parameter or a specific biodegradation risk has not 
been found useful in the calculation as a specific risk does not indicate the degree of 
biodegradation and thus the effect on oil quality. Due to the nature of biodegradation and the 
influence of especially the filling history of a reservoir and initial oil composition, this is a 
general problem. The risk of encountering biodegraded oil as described by a single number 
does therefore not correlate with oil quality.  
 
The application of the Biodexx biodegradation tool to a case study is performed in several 
steps. In the first step the relevant output data from basin modelling software are imported 
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into Biodexx where they can be edited manually, if required. Alternatively, the reservoir 
charge and temperature history can be put manually into Biodexx. In addition to the charge 
and temperature history, the information derived from the numerical model comprises 
information on the composition of the petroleum charge during each time step as calculated 
during the PetroMod simulation. Parameters such as the biodegradation rates and the 
properties of the components (relative biodegradation rates and biodegradabilities) have to be 
set before the calculation can be started. The development of any quantitative biodegradation 
model requires calibration to the investigated petroleum system by referencing to an observed 
oil composition (cf. Yu et al., 2002; Wenger et al., 2002). This is most relevant for the 
maximum biodegradation rate and the component-specific properties. These parameters can 
be adjusted until the result matches the observed values for the reference oil composition. 
These settings can then be applied to biodegradation prediction in undrilled reservoirs.  
 
In the Biodexx calculation, the masses of fresh oil components reaching the reservoir are 
added for each time step. Biodegradation may take place if the temperature conditions are met 
and proceeds for the duration of the time step. It is assumed that all degraded components are 
instantly and completely removed from the reservoir. New petroleum charges reaching the 
reservoir in the following time steps are added to the degraded accumulation and 
biodegradation proceeds on the homogeneously mixed fluid as discussed above. 
 
 
7.4 Workflow 
 
This section provides an overview on the application of the biodegradation prediction tool.  
 
Only when petroleum generation, migration and accumulation are well understood and 
modelled realistically, realistic biodegradation predictions can be made. It is essential that the 
3D petroleum systems model gives viable results for the original petroleum masses. In some 
well reports, palaeo oil-water contacts are reported which indicate the maximum filling in the 
reservoir.  
 
Geochemical considerations before biodegradation modelling should concentrate on the non-
biodegraded original petroleum compositions and if available, the maximum degree of 
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biodegradation. The most degraded composition might be required to adjust biodegradability 
in the study area.  
 
The steps in biodegradation prediction are:  
 
1. Estimation of the original mass of oil in the reservoirs to investigate.  
2. Building the 3D model in PetroMod 3D. 
3. Calibration of the 3D model to temperature, vitrinite reflectance and/or porosity data 
etc. If the results are not satisfactory, changes in the input have to be made, and the 
simulation run again. This has to be repeated until the results are in good match with 
the reality. 
4. Extraction of the relevant data in PetroCharge Express. 
5. Reading the data into Biodexx. 
6. Setting biodegradation variables.  
7. Starting biodegradation calculation using Biodexx.  
 
If data availability allows, it is useful to calibrate the biodegradation variables to the 
petroleum system based on a known reservoir and then start the calculation for an undrilled 
prospect.  
 
 
7.5 Input 
 
7.5.1 Introduction 
 
The Biodexx module requires two sets of input data to calculate the influence of 
biodegradation on petroleum quality: (i) data from basin modelling and (ii) variables for the 
biodegradation rate function in addition to values for the biodegradabilities and relative 
biodegradation rates for the components. The most important parameters for biodegradation 
prediction are the temperature and charge histories of the reservoirs (Head et al., 2003). These 
data are imported from the output files from the IES/Schlumberger PetroMod basin analysis 
software, but instead, manual input is also possible. The data derived from numerical basin 
modelling are the temperature- and charge history of each reservoir as well as chemical 
composition of the petroleum entering the reservoir over time. Accurate oil charge histories 
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can only be derived from 3-D models that take into account the complete geometries of the 
reservoir system.  
 
During the numerical simulation of the petroleum system the results relevant for the 
biodegradation calculations are stored in digital output files by the PetroMod software. These 
files contain information on the history of each present day reservoir structure and the 
pertaining drainage area. During the evolution of the modelled area the present day drainage 
area may have consisted of several smaller drainage areas which subsequently merged. In 
order to take into account these potential contributions, all palaeo-accumulations and their 
charge histories are merged and an average value is computed for input into the Biodexx 
calculation scheme. 
 
The most important input data will be described in the following. In the first subsection the 
data from petroleum systems modelling is explained and also the difficulties that may arise 
from having to refer to a present day drainage areas. The input data for BDI and BDIpro is 
discussed in Chapters  5.1 and  5.2.  
 
 
7.5.2 Input Data from Petroleum Systems Modelling 
 
Main Input Data and Handling of Present day Drainage Areas 
 
Biodexx calculations are based on a present day accumulation in a single drainage area. In 
geologic times, drainage areas may change: geometric changes such as tilting can cause 
drainage areas to split or merge or they merge if two adjacent reservoirs are both filled up to 
or beyond a shared spill point. The PetroCharge Express routine tracks present day 
accumulations through time when data are extracted. The exported csv-files from PetroCharge 
Express thus contain all information on previous accumulations that belong to the present day 
accumulations to investigate. In some cases it is advised to investigate the PetroCharge 
Express files extracted for older time steps and not present day (see Chapter  8).  
 
As only single values for the temperature, liquid filling, liquid density, porosity, oil-water 
contact areas etc. can be used in the Biodexx calculation, the multiple values for the 
individual drainage areas have to be changed. For the calculations, averages (liquid density), 
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weighted averages (compositions), sums (oil column height, oil-water contact areas and liquid 
filling) and unique values (e.g. from the highest point for temperature and porosity) are used.  
 
The fraction of saturates and the biodegradable fraction for the whole oil have to be entered 
manually.  
 
 
Temperature Histories 
 
The temperatures required as input for the biodegradation modelling relate to the oil-water 
contact where the microorganisms are active. However, the temperatures which are extracted 
from the basin modelling software are those at the highest point of a drainage area as this 
point is clearly defined – in contrast to the depth of the oil-water contact which can be tilted. 
For high oil columns it is recommended to manually correct the temperatures. For smaller oil 
columns and when temperatures are not close to critical (< 65 °C) it is considered sufficient to 
use the PetroMod provided temperature histories directly.  
 
 
Oil-Water Contact Areas 
 
In PetroMod Version 9 which was initially used for the case study of the Gifhorn Trough 
(Chapter  8) and the corresponding publication (Blumenstein et al., 2008), the oil-water 
contact areas include the whole contact area of the oil phase with water saturated rock below, 
as a result also contact areas with water-saturated shale are included. However, for the 
biodegradation calculation only the oil-water contact in carrier lithologies is important. As the 
areas are overestimated, the resulting biodegradation rates based on them are too low as can 
be concluded from formula 19 (Chapter  6.2). From PetroMod Version 10 onwards, the 
calculation has been changed to derive values for the oil-water contact area in the reservoir 
rock only.  
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7.5.3 User-Defined Input Data 
 
Biodegradabilities 
 
Biodegradability is used to quantify the fraction of a components that theoretically can be 
biodegraded. As the components are defined by a specific carbon number range, they include 
different kinds of molecules, e.g. n-alkanes and aromatic compounds. This suggests that 
biodegradabilities cannot generally valid for all geological settings and may be adjusted to 
account for varying oil compositions. The values shown in Table  8-3 have been used in the 
Gifhorn trough case study. In the case of a waxy oil or a condensate when even in the higher 
molecular weight compound groups asphaltenes and other complex molecules are almost 
absent, biodegradabilities of the components are higher and have to be adjusted accordingly.  
 
 
Relative Biodegradation Rates 
 
The 14 components (Table  8-3) defined in the PhaseKinetics by di Primio and Horsfield 
(2006) form the base for biodegradation prediction and are used with the biodegradation rate 
which was defined as described in Chapter  6.6: it governs the biodegradation rate for the 
whole reservoir. That rate is "shared" by all components. According to the bacterial 
preferences and accessibility of the molecules, relative biodegradation rates have been 
introduced (Table  7-1). The mass degraded per component is determined by the components' 
relative biodegradation rate normalized to the sum of all relative biodegradation rates 
(Equation. 23).  
 
The biodegradation rate for a component n in each time step is given by:  
 
×=
∑ ratesrel
rateCompnrelrCompn
.
. rbiodeg        (23) 
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7.6 Mass Balance 
 
The biodegradation mass balance is calculated by taking into account the variation of the 
biodegradation rate with the temperature history of the reservoir, contemporaneous charging 
and spilling as well as changes in the chemical composition of the fresh petroleum. Whenever 
the term "spilling" is used, this includes any physical loss of hydrocarbons such as leakage 
and loss through faults.  
 
The oil that migrates from the source rock into the reservoir is nominally subdivided into two 
fractions: the biodegradable fraction and the non-biodegradable fraction that will persist even 
after complete biodegradation. A factor denoting the degradable fraction (xdeg) of the 
incoming oil has been defined. This fraction may vary over time to account for varying oil 
composition during maturation and migration.  
 
Thus, for the amount of oil entering the reservoir volume during a given time interval i 
[ti, ti+Δt] the following relations hold:  
 
)()()( _ imimim degradablein_nondegradableinin −+=     [kg/m²]  (24) 
 
The fraction of degradable oil in the oil entering the reservoir during time interval i is given 
by:  
)(
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deg =          (25) 
The composition (degradable vs. total mass) of any oil spilling out of the reservoir during time 
interval i is assumed to correspond to the oil composition at the beginning at this time 
interval, i.e. at the end of the previous time step (i-1). This simplification appears acceptable 
in view of the other uncertainties involved. 
 
The cumulative masses of the total oil and the biodegradable and non-biodegradable fractions 
in the reservoir are denoted by the subscript _c. 
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For any given time interval Δt the mass balance for the degradable mass of the oil charge can 
be written as follows: 
)()()()1()( _ imimimimim degradedableout_degraddegradablein_cdegradable_cdegradable −−+−=    (26) 
 
      supply    spilling      degradation 
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with: 
)1()1()1()1( −+−+−=− − imimimim degraded_c_cdegradablenon_cdegradabletotal    (28) 
 
where mout(i) is the amount of oil spilled from the reservoir in time interval Δt. 
Similar relationships can be derived for the non-degradable fraction.  
 
The equations 24-28 are also applicable for biodegradation of the saturate fraction and each 
component in the component specific biodegradation approach. The sum of all components 
will equal the total oil, and the sum of all biodegradable masses will give the total degradable 
mass.  
 
 
7.7 Calculations 
 
Some of the calculations are similar for all approaches in Biodexx. Those are the temperature-
based biodegradation rate and the normalization of all masses. These will be described before 
the calculations are explained in more detail.  
 
 
7.7.1 Temperature and Biodegradation Rate 
 
The biodegradation rate is a zero-order function in regard to the substrate (hydrocarbon) 
concentration: irrespective of the oil column height and, thus, the amount of original oil, 
active biodegradation is limited to the zone of the oil-water contact (Larter et al., 2003; 
Equation 19). Because the biodegradation rate is area-normalized it is easy to integrate 
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different reservoir geometries. The biodegradation mass balance is calculated by taking into 
account the variation of biodegradation rates with temperature history of the reservoir, 
contemporaneous charging, spilling, and any physical loss of hydrocarbons such as leakage 
and loss through faults as well as changes in the chemical composition of the fresh petroleum.  
 
In addition to the temperature dependence of the biodegradation rate (Chapter  6.6), Biodexx 
incorporates the concept of palaeosterilization/pasteurization. This is realized by a 
palaeosterilization marker that is initially 1, but is set to a value of zero when the reservoir 
temperature exceeds the palaeopasteurization temperature for the first time. The temperature-
dependent biodegradation rate is multiplied with this marker and thus "switched off" 
permanently once the palaeopasteurization temperature has been exceeded, even if the 
temperature drops below this level at a later stage. This applies to all calculations that are 
done with the newly developed biodegradation rate concept.  
 
The biodegradation rate for a time step will be determined by the length of that time step, the 
temperature and the biodegradation rate parameters rmax, T1, and σ.  
 
 
7.7.2 Normalization of Masses 
 
The only mass value derived from PetroMod is the cumulative influx. Before any subsequent 
calculations are initialised, this mass will be normalized to the oil-water contact area to be in 
accordance to the biodegradation rates that will always refer a mass per unit of oil-water 
contact area. In Biodexx, this will be one square meter of oil-water contact.  
 
In the following, the normalized cumulative influx will be used to derive the influx or outflow 
in a time step by relating it to the previous time step.  
 
 
7.7.3 Bulk Oil Approach 
 
In the bulk oil biodegradation calculation, the biodegradable mass fraction of the net influx is 
required as an input parameter. It will be used to define the fresh biodegradable mass for the 
time step. This will be added to the biodegradable mass remaining from the previous time step 
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and used together with the biodegradation rate to calculate the available biodegradable mass 
and the non-biodegradable mass (Figure  7-1).  
 
 
Figure  7-1 Flow chart showing the Biodexx calculations for bulk oil biodegradation; dashed arrows illustrate 
input data from the previous time step 
 
 
7.7.4 Saturate Fraction 
 
The saturated hydrocarbons in petroleum are strongly affected by biodegradation. Therefore 
an additional calculation was incorporated into the scheme to predict this parameter. This 
computation requires as input the fraction of the saturated hydrocarbons in the incoming oil 
for each time step (Figure  7-2). In the present realization of the calculation the saturate 
fraction is assumed to show the same biodegradation behaviour as the complete biodegradable 
fraction and therefore the biodegradation rates are applied accordingly. The calculations are 
similar to those for the bulk oil biodegradation (Chapter  7.7.3).  
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Figure  7-2 Flow chart showing the Biodexx calculations for biodegradation of the saturate fraction; dashed 
arrows illustrate input data from the previous time step 
 
A second prediction scheme of the biodegradation of the saturate fraction is derived from a 
poster by Wilhelms et al. (2004b) where they present their product Easy_Fest and compare it 
to the existing biodegradation indices BDI. Also here, the saturate fraction in the incoming oil 
is required as input; biodegradation will be modelled with the biodegradation rate as inferred 
from Wilhelms et al. (2004b; Figure  6-3).  
 
The calculation of biodegradation of the saturate fraction described by Wilhelms et al. 
(2004b; see Subsection  7.7.4) contains a "water leg effect" that assumes biodegradation to 
stop whenever there is no water leg present. From the information provided on their poster it 
has been deduced that in their model biodegradation is suspended in a given time step 
whenever the water leg was absent at the end of the previous time step. This concept appears 
very reasonable but could not be integrated into the computational scheme because PetroMod 
provides information on the height of the water leg only at the highest point of the reservoir 
structure. Thus, the model will in many instances incorrectly predict the absence of a water 
leg. While the extent of the water leg underlying the oil-water contact (and thus the water 
volume) can be roughly assessed by the vertical distance of the oil-water contact to the next 
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aquitard, it is difficult to integrate this information directly into quantitative calculations and 
the lack of detailed information results in substantial uncertainties.  
 
 
7.7.5 Calculations for the Compound-Specific Biodegradation 
 
The fresh mass for each component is calculated in a first step from the total incoming oil for 
each time step, the corresponding composition and the oil-water contact area size. These 
masses together with the biodegradabilities will give the biodegradable mass for each 
component.  
 
On the other side, the biodegradation rate for each time step is divided by the normalized 
relative biodegradation rates to derive biodegradation rates for each component. The most 
important output in this calculation is the mass of the remaining oil for the components which 
is subsequently used for an API prediction.  
  
An overview of the calculations in Biodexx is shown in Figure  7-3.  
 
 
Figure  7-3 Flow chart showing the Biodexx calculations for compound-specific biodegradation; dashed arrows 
illustrate input data from the previous time step 
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7.7.6 BDI and BDIpro 
 
To provide a link to earlier biodegradation concepts the calculation of the Biodegradation 
Index (BDI) by Yu et al. (2002) has been incorporated into the Biodexx scheme. The 
parameters required for this computation are not generally valid but need to be adjusted for 
each individual reservoir system by the user. The same holds true for BDIpro by Wilhelms et 
al. (2004) that has also been integrated into the Excel spreadsheet. Required input data here is 
the critical temperature Tc and the prospect-dependent constant C. The calculation 
corresponds to the Equations 15 and 16.  
 
 
7.8 Results 
 
The results of the calculations reflect the oil quality of the reservoir. The results are given in 
terms of the published biodegradation indices, the percentage of saturates as well as masses of 
biodegradable residue and fractions of the individual components. The results of the 
calculations based on the components are used to calculate an API gravity.  
 
 
8 Case Study Gifhorn Trough 
 
8.1 Geological Background 
 
The area of the case study is situated in the Gifhorn Trough, northern Germany (Figure  8-1). 
It is part of the Central European Basin system (Littke et al., 2005; Figure  8-2) which was 
initiated by rifting and thermal subsidence of the lithosphere during the Permian (Ziegler, 
1982, 1990; Bachmann and Grosse, 1989; Baldschuhn et al., 1991; van Wees et al., 2000). A 
Permian to Early Triassic extensional stage was followed by thermal subsidence until Early 
Jurassic. Among the most spectacular sedimentological elements of this stage are thick 
Zechstein evaporites, now forming many salt pillows and salt domes in the Central European 
Basin. Below and above the evaporites, thick clastic and volcaniclastic continental sequences 
occur (Rotliegend and Buntsandstein). The Permian Basin is underlain by Palaeozoic rocks of 
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mainly Upper Carboniferous age, including coal-bearing sequences which are the principal 
source of many natural gas fields.  
 
 
Figure  8-1 Overview of sedimentary basins with petroleum accumulations in NW Germany (modified from 
Boigk, 1981) 
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Figure  8-2 Overview of the Central European Basin system: thickness of Triassic sedimentary rocks, major 
graben structures and salt diapirs; study area indicated by the arrow, EFZ – Elbe Fault Zone, TTZ – Teisseyre-
Tornquist Zone, STZ – Sorgenfrei-Tornquist Zone (Courtesy of Y. Maystrenko; Littke et al., 2005) 
 
Above the Palaeozoic sequence, tectonically relatively undisturbed Triassic to Middle Jurassic 
rocks are unconformably overlain by late Early Cretaceous to Quaternary sediments (Boigk, 
1981). The evolution of salt pillows and diapirs started during the Triassic with its main stage 
in Late Triassic time and still continues presently (Trusheim, 1960). Due to their elevated 
thermal conductivity, salt structures have significant impact on the temperature field and may 
therefore affect the thermal history of the source and reservoir sequences (cf. Neunzert et al., 
1996; Schwarzer and Littke, 2007). These thermal effects are explicitly accounted for in 
numerical basin modelling. The distribution of salt structures in the study area is shown in 
Figure  8-3.  
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Figure  8-3 Overview of the Gifhorn Trough and its petroleum reservoirs; Quaternary, Tertiary and Upper 
Cretaceous, on the margins also Albian being removed (modified from Boigk, 1981) 
 
 
Figure  8-4 Cross-section through the Gifhorn Trough following the line X-Y in Figure  8-3 (Boigk, 1981) 
tt – Tertiary, kro – Upper Cretaceous, kru – Lower Cretaceous, kl – Albian, kp – Aptian, kh – Hauterivian, kv – 
Valanginian, kw – "Wealden", jw – Malm (Upper Jurassic), jb – Dogger (Middle Jurassic), jl – Liassic (Lower 
Jurassic), t – Triassic 
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The Gifhorn Trough is a special basin within the NNE-SSW trending North German Graben 
system (Scheck et al., 2003). Basin subsidence started in Early Triassic times and reached its 
maximum during the Middle Jurassic. Mainly marine sediments were deposited including the 
organic rich Lower Jurassic (Toarcian) "Posidonia shale" which is the only oil source rock in 
the Gifhorn area (Schwarzkopf, 1990). Shales are interbedded with marine and deltaic 
sandstone layers. The deltaic sandstones form the main reservoir layers and occur in the 
Lower Jurassic (Liassic α) and in the Middle Jurassic (Dogger β). Dogger β sandstones 
comprise up to 8 layers with decreasing thickness towards the West because they originate 
from erosion of structural highs in the East. Trap types are diverse including structural and 
stratigraphic traps (Boigk, 1981).  
 
The tectonic development of the trough is linked to the Allertal line (Figure  8-3) which is part 
of the Lower Saxony line. The area north of the Allertal line has been tilted downwards 
during the Late Cretaceous inversion of the Lower Saxony Basin (Boigk, 1981). This 
differential subsidence (Schwarzer and Littke, 2007) strongly influenced migration in the 
study area. Several erosional events have mainly affected the southern part of the basin and 
the margins of the trough. Especially during Jurassic and Cretaceous times salt diapirs have 
formed (Bäuerle, 1980).  
 
This case study focuses on two oil fields, Field A and Field B, in the western part of the 
Gifhorn Trough (Figure  8-3, Figure  8-4). They are in close vicinity and very similar in terms 
of stratigraphic and lithologic characteristics as well as trap style. They differ, however, in the 
level of biodegradation of the hosted petroleum. In order to achieve the highest degree of 
comparability, only oils from the main reservoir sandstone, the Dogger β, have been 
considered in the frame of this study. 
 
The oils in Field A have API gravities of 32 – 33°. In the whole-oil gas chromatogram of a 
typical oil from this field (Figure  8-5a), a slight elevation of the "hump" of unresolved 
complex material (UCM) in combination with a nearly smooth n-alkane signature can be 
observed. Ratios of pristane/(nC17 + pristane) and phytane/(nC18 + phytane) have average 
values of 0.53 and 0.59, respectively.  
 
In contrast, the oils from Field B have average API gravities of 25 – 26° (Boigk, 1981). The 
GC trace of a typical oil from this field (Figure  8-5b) shows a characteristic hump of UCM 
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and a less smooth n-alkane envelope with isoprenoids being more prominent. Pristane/(nC17 
+ pristane) and phytane/(nC18 + phytane) ratios of 0.72 and of 0.77, respectively, are 
observed for these oils. 
 
A "non-biodegraded" end-member oil with the highest API gravity value (40°) encountered in 
the study area has been identified. Its GC trace is shown in Figure  8-5c. The oil features a 
very smooth and regular n-alkane distribution with pristane/(n-C17 + pristane) and phytane/(n-
C18 + phytane) ratios well below 0.5. It is likely that the oils from Fields A and B had a very 
similar original composition before being subjected to biodegradation. The present day oils 
from Field A and B have lower concentrations of n-alkanes, elevated humps of UCM and are 
relatively enriched in isoprenoids. These characteristics are more pronounced in the oils from 
Field B.  
 
In Field B, biodegradation has probably been a dominant process throughout most of the 
filling history. A late filling phase may have enhanced oil quality by supplying n-alkanes that 
subsequently have experienced biodegradation. Without this late charge, n-alkanes would 
probably have disappeared completely (cf. Peters et al., 2005). If, instead of a late charge 
event, continuous filling of the reservoir with concomitant biodegradation is assumed, then 
relatively low biodegradation rates would have to be postulated in recent times to account for 
the co-occurrence of significant quantities of n-alkanes and the UCM hump as a marker for at 
least moderate biodegradation (Peters and Moldowan, 1993).  
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Figure  8-5 Whole oil gas chromatograms from Field A (a, 32.1 °API) and Field B (b, 24.7 °API) and from an oil 
of 39.4 °API from another reservoir structure in the Gifhorn Trough (c, RWE Dea prop. data); n-alkanes are 
labelled according to carbon number, Std. – internal standard (deuterated n-C24-alkane) 
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8.2 Petroleum Systems Modelling 
 
In this study, the PetroMod software (Version 9.0) of IES/Schlumberger, Germany, was used 
for 3D petroleum systems modelling.  
 
One major challenge of the conceptual model is the reconstruction of time spans which are 
not represented by a physical record of sedimentary rocks, either due to sedimentation 
followed by erosion or due to periods of non-deposition (Senglaub et al., 2005).  
 
The geologic history of the Gifhorn Trough has been reviewed mainly founded on the work of 
Boigk (1981) and Schwarzkopf (1987) and represents the basis for the conceptual model (see 
Table  8-1). Based on the geologic history, 21 events were defined. Absolute ages, thicknesses, 
lithologies and related petrophysical properties and heat flow values were defined for each 
event (Table  8-1).  
 
77 
Table  8-1 List of events with according ages 
Event 
no. Event Name
Deposition 
Age from (Ma)
Deposition 
Age to (Ma) Lithology
Heat flow 
(mW · m-2)
Thickness (m)
21 Lower Oligocene to Quaternary 33.6 0 SILTSTONE 52
0 – 436       
(mean: 179)
20 Upper Eocene 37 33.6 SILT&SAND 57 0 – 276       (mean: 71) 
19 Upper Paleocene to Middle Eocene 58 37 SILTSTONE 57
0 –362        
(mean: 150)
18 Minor Hiatus 2 61 58 56
17 Upper Cretaceous & Lower Paleocene 98 61 LIMESTONE 56
0 – 2114     
(mean: 858)
16 Lower Cretaceous 137 98 SILTsandy 52 0 – 1076     (mean: 97)
15 Wealden 140 137 SHALE&SAND 53 0 – 1616     (mean: 88)
14 Upper Dogger & Malm 174.5 140 SHALEcarb 53
0 – 2060     
(mean: 472)
13 Dogger Alpha & Beta 177 174.5 SANDSTONE 54 0 – 32         (mean: 5)
12 Liassic Zeta 181.3 177 SILTshaly 54 40
11 Liassic Epsilon 183.5 181.3 SHALE 54 22 – 94       (mean: 57)
10 Liassic 2 196.5 183.5 SILTshaly 54 0 – 1142     (mean: 160)
9 Liassic Alpha 198 196.5 SANDSTONE 55 0 – 290       (mean: 29)
8 Liassic 1 200 198 SILTshaly 55 0 – 152       (mean: 21)
7 Upper Keuper 202.52 200 SAND&LIME 55 0 – 63         (mean: 6)
6 Middle Rhaetian 203.5 202.52 SANDSTONE 56 0 – 24         (mean: 2)
5 Minor Hiatus 1 205 203.5 56
4 Lower Keuper 235 205 SAND&LIME 56 0 – 786       (mean: 75)
3 Upper Buntsandstein & Muschelkalk 244.5 235 LIMESTONE 64
0 – 2145     
(mean: 1157)
2 Lower & Middle Buntsandstein 251 244.5 SANDSTONE 67
6 – 1059     
(mean: 658)
1 Zechstein 258 251 EVAPORITE 67 0 – 1449     (mean: 243)  
 
The base layer in the model is represented by Permian Zechstein evaporites with a few 
hundred meters thickness on average. In the conceptual model, the Lower Jurassic succession 
is composed of shales and siltstones with intercalations of reservoir sandstones and the source 
rock shales thus resulting in 5 separate layers. Source rock thicknesses are between 30 and 50 
m. Dogger α and the main reservoir Dogger β have been merged to a sandstone layer which in 
the central part of the study area has a thickness of up to 20 m. The following layer comprises 
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all Jurassic strata above the Top Dogger β. During the Upper Jurassic, areas of subsidence 
became smaller and lithologies are heterogeneous and have been summarised as calcareous 
shale.  
 
In parts of the basin, the Wealden is represented by sandstone with good reservoir properties, 
whereas in the central Gifhorn Trough it consists of shale and sand (Boigk, 1981). The mean 
thickness of the Wealden in the model reaches 88 m (Table  8-1), which does not include the 
uppermost Wealden. This part of the Wealden is added to the next layer (Lower Cretaceous). 
Upper Eocene and Lower Oligocene strata below the Rupelian with silt and sand lithology 
form a further layer. At about this time, erosion affected the margins of the trough. Due to the 
lack of further information and to keep the model simple, erosion was not taken into account.  
 
The thickness of the individual layers in the model is derived from structural contour maps 
provided by RWE Dea, as well as extensive well data, well reports, etc. Absolute ages are 
defined based on the geological time scale of the German Stratigraphic Commission (2002) 
which differs in some ages from the International Stratigraphic Chart (Gradstein et al., 2004). 
Compressibilities and thermal conductivities are required to calculate compaction and 
temperature field, respectively. This information is integrated in the used default lithologies 
(see Rodon and Littke, 2005). 
 
The heat flow history shown in Figure  8-6 was kept as simple as possible and relies on RWE 
Dea data used in previous studies. According to Schwarzkopf (1990), the heat flow during the 
critical period of maturation in the Cretaceous was similar to the present day basal heat flow 
of 50 to 60 mW · m-2 (Table  8-1).  
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Figure  8-6 Heat flow history for the study area (basin modelling input data) 
 
Sediment-water interface (SWI) temperatures were derived from PetroMod using the method 
of Wygrala (1989) that calculates SWI temperatures according to the palaeo-geographical 
position, depositional water depth and general climate information. Palaeo water depths have 
been derived from literature data (Boigk, 1981).  
 
For the Posidonia Shale source rock (Liassic ε), a compositional kinetic model determined on 
a Toarcian shale sample from the Hilsmulde in central Germany (Rullkötter et al., 1988) was 
used. The 14 component phase-predictive kinetic model used in this study has been described 
by di Primio and Horsfield (2006; Toarcian_Shale-BH420). Source rock properties were 
defined as an initial (pre-burial) Hydrogen Index (HI) of 700 mg HC/g TOC and a total 
organic carbon (TOC) content of 9.21 %. The HI and TOC values were defined based on 
proprietary data of RWE Dea derived directly from the study area. Both represent average 
values of the immature source rock. These values are also roughly in the range reported for 
the Hils area further south (Rullkötter et al., 1988).  
 
Maturity (vitrinite reflectance) calculations are based on the temperature history using the 
EASY%Ro method of Sweeney and Burnham (1990).  
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The model was calibrated with available well temperatures and vitrinite reflectance data. The 
best fit between measured and predicted values was achieved using the heat flow values 
shown in Figure  8-6 and Table  8-1. The compositional kinetic model used allows the correct 
reproduction of petroleum composition and phase behaviour during migration (di Primio and 
Horsfield, 2006). For migration modelling the hybrid-technology of PetroMod was applied, 
where in low-permeability lithotypes multi-phase flow is calculated based on Darcy’s law, 
and in high permeability carrier systems a ray tracing technique is used (Hantschel et al., 
2000; Welte et al., 2000). The main goal of the migration modelling was to reproduce the 
observed accumulations in the area as well as their respective petroleum phase (black oil in 
both cases). 
 
 
8.3 Modelling Results of the Investigated Reservoirs in the Gifhorn Trough 
 
Burial and temperature histories have already been published by Schwarzkopf (1990) for this 
area. The oil fields A and B are situated on the western flank of the Gifhorn Trough, where 
the source rock, i.e. the Toarcian Posidonia shale is not buried to great depth. In order to 
understand petroleum generation and filling of these reservoirs, it is necessary to evaluate the 
depositional history and temperature evolution in the kitchen area which is situated further to 
the south-east close to the Allertal line. In this area rapid sedimentation occurred in the Late 
Permian and Early Triassic leading to sedimentary thicknesses of more than 3000 m. This 
period was followed by slow sedimentation between the Middle Triassic and recent times 
with only minor periods of uplift and erosion. The Posidonia shale reached depths of 2000 m 
and more in the kitchen area already during the Late Cretaceous. Depth at present time is 
slightly deeper. An example from the area northwest of Gifhorn north of the Allertal line is 
shown in Figure  8-7. Temperature rose to 50 °C in the Early Cretaceous and further increased 
to a maximum of 70 °C during the Oligocene. Thereafter temperatures dropped slightly due to 
lower heat flow and sediment water interface temperatures in the Neogene. Maturity increased 
quite steadily to a maximum of nearly 0.5 % VRr. This maturity marks the onset of petroleum 
generation for kerogen Type II (Tissot and Welte, 1984). In the deeper parts of the kitchen 
area, temperatures were up to 30 °C higher and maturities are well within the petroleum 
generation zone (Figure  8-8). Maturity distribution is strongly controlled by the locations of 
depocenters which in turn are controlled by faults. Especially the Allertal line marks a strong 
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contrast in maturity between the Lower Saxony Basin in the south and the Pompeckj Block in 
the north (Figure  8-8).  
 
 
Figure  8-7 Time plot showing the modelled temperature (top) and modelled vitrinite reflectance (bottom) 
evolution of the Posidonia shale close to the kitchen area 
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Allertal line
 
Figure  8-8 Present day maturity map of the Posidonia shale in the study area as indicated in Figure  8-3 
 
In the kitchen area petroleum generation started already in the Early Cretaceous when 
temperatures between 70 to 90 °C were reached in the deepest parts. However, major oil 
generation only occurred in the Late Cretaceous and Tertiary at maximum burial temperatures 
of about 110 °C.  
 
The charge history has been calculated for the oil fields A (Figure  8-9a) and B (Figure  8-9b) 
based on the calculated petroleum generation and expulsion from the Posidonia shale. 
Expulsion is modelled to begin when the oil saturation exceeds 5 % of the pore volume of the 
source rock. Secondary oil migration was mainly updip and horizontal migration distances 
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reached at least 20-30 km. First oil filled part of the Field A structure, but did not reach the 
Field B trap as it is situated further away from the kitchen area. Petroleum charging in Field B 
started in the Late Cretaceous. The migration pathways of both fields are independent.  
 
API gravity predictions of the basin model for the present day situation are 34.2° for Field A 
and 34.0°API for Field B, respectively (see Chapter  8.6).  
 
 
 
Figure  8-9 Charge histories of Field A (a) and Field B (b) showing the volume (in million barrels) of the trapped 
oil at reservoir conditions. Field A received an earlier oil charge and a later second one. The present day oil 
volume in Field A is more than twice as much as in Field B.  
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8.4 Application of Biodexx on the 3D Case Study 
 
The modelled API gravities of the unaltered oil are 34° and are too low as compared to the 
assumed original API gravities of around 40° which can be found in the study area (see 
Chapter  8.1). This is due to the fact that the kinetics used in the petroleum systems model 
were actually developed to predict phase behaviour and not API gravity. Such, the difference 
between the original, unaltered API gravity and the observed one defines an offset which is 
the target offset. Hence the "target API" that is the aim of the biodegradation calculation can 
be derived by subtraction of the target offset from the modelled API gravity by PetroMod 
(Table  8-2).  
 
Table  8-2 API gravity comparison for Fields A and B; the target API value has been derived by relating the 
offset between the probable original and the observed API (change due to biodegradation) to the modelled, 
undegraded API 
Field A (°API) Field B (°API)
Actual observed 32.5 25.5
Original (undegraded) 40 40
Change due to 
biodegradation -7.5 -14.5
Modelled original 
(undegraded) 34 34
Target 26.5 19.5
Prediction after 
biodegradation calculation 26.5 19.6  
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Table  8-3 Components with their characteristic number of carbon atoms (di Primio and Horsfield, 2006), relative 
biodegradabilities and relative biodegradation rates used in the case study Gifhorn Trough 
Component Number of C atoms Biodegradability
Relative 
biodegradation rate
Methane 1 0 0
Ethane 2 1 0.7
Propane 3 1 0.85
i-Butane 4 1 0.9
n -Butane 4 1 1
i-Pentane 5 1 0.775
n -Pentane 5 1 0.8
n -Hexane 6 1 0.75
PK_P10 7-14 1 0.9
PK_P20 15-24 0.9 0.4
PK_P30 25-34 0.6 0.3
PK_P40 35-44 0.3 0.2
PK_P50 45-54 0.1 0.15
PK_P60+ 55-80 0.02 0.1
 
 
All Biodexx calculations are based on the PetroMod output for both reservoirs. The data files 
with the information on the present day petroleum composition for the drainage areas 
containing Field A and B have been extracted from the PetroCharge Express module and 
transferred into the Biodexx program. For the present study, relative biodegradation rates and 
biodegradabilities were defined (Table  8-3) based on data for natural biodegraded petroleum 
fluids (di Primio, unpublished data). These values remain to be optimised. The actual rates of 
biodegradation were determined using the more heavily degraded Field B and adjusting the 
maximum biodegradation rate to 15 kg · m-2 · Ma-1 until the target API gravity value was 
matched. The other biodegradation rate parameters were left at T1 = 65 °C, σ = 5 °C as shown 
in Figure  6-5. Using these preliminary internal default values for the biodegradabilities and 
relative biodegradation rates, Biodexx predicts an API gravity of 19.6° for Field B. The same 
biodegradation rate of 15 kg · m-2 · Ma-1 and identical settings for the other parameters were 
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applied to the calculation of biodegradation in Field A, and the predicted API gravity was 
26.5°. The compositional changes predicted from the biodegradation calculation can be seen 
in Figure  8-10 and Figure  8-11. While the original compositions are similar, the predicted 
ones differ significantly. Both oils have lost nearly all low molecular-weight compounds from 
ethane to n-hexane. The most prominent component in the oil from Field A is the PK_P20 
consisting of molecules with 15-24 carbon atoms. In the more severely degraded oil of Field 
B more light compounds have been removed as can been seen from in Figure  8-11: the 
envelope has changed and the most prominent component is PK_P40 consisting of molecules 
with 35-44 carbon atoms. 
 
Figure  8-10 Composition of the oil from Field A prior to biodegradation (yellow) and as predicted with the 
biodegradation prediction tool (blue) 
 
Figure  8-11 Composition of the oil from Field B prior to biodegradation (yellow) and as predicted with the 
biodegradation prediction tool (blue) 
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8.5 Application of Biodegradation Indices 
 
The "Biodegradation Index" by Yu et al. (2002) and the "Biodegradation Index Pro" by 
Wilhelms et al. (2004) as described in Chapter  8.5 have been integrated into the Biodexx tool 
for comparison. The parameter C (Equation 15) required for both calculations is not universal 
but needs to be adjusted for each individual reservoir system by the user.  
 
Based on the temperature histories derived from basin modelling (Figure  8-12), the BDI 
parameters were calculated for both fields. For the Field B it was the aim to obtain a BDI 
value between 0 and 0.25 (0.125) as this translates into an API gravity between 22° and 28° 
which is comparable to the observed one (25 – 26°). To obtain this value, the basin-dependent 
constant C in Equation 15 had to be set to a value of -21700. With the same value, the BDI 
calculation for the Field A yielded a value of 0.121, which is very similar to that of Field B 
despite different API gravities. 
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Figure  8-12 Temperature histories of Field A (a) and Field B (b) 
 
The absolute value for C is considerably higher than the values of 200 to 400 Ma proposed by 
Yu et al. (2002) for their case study (see Chapter  5.1 for discussion on the units). Due to the 
similarity in temperature histories of the two fields (Figure  8-12) the BDI values calculated 
according to Equation (15) are nearly identical. Regardless of the field-dependent calibration 
factor C, the BDI formulation by Yu et al. (2002) will always result in very similar API 
predictions for reservoirs with similar temperature histories. In consequence, the BDI is not 
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capable of explaining the significant differences in API gravities observed for the two 
reservoirs A and B in the present case study which are mainly due to the different filling 
histories.  
 
In the BDIpro calculation, the modelled filling histories are integrated as average oil column 
heights that have been calculated for the time steps. Also for BDIpro the prospect constant C 
has not been described in the literature, but BDIpro seems to range between -1 and +1 
(Wilhelms et al., 2004). To yield a result in that range, a value of 100000 has been applied for 
C. This results in a BDI of -0.29 for Field A and -0.50 for Field B and reflects the expectation 
of the larger negative value for the more severely biodegraded field. However the results 
cannot be related to API values.  
 
 
8.6 Discussion 
 
Petroleum charge calculation based on temperature histories and kinetic data resulted in 
maturity patterns from modelling that were found to be in good accordance with those 
established by Kockel et al. (1994). Erosion affected only the margins of the basin and 
deepest burial und thus highest temperatures were reached in the Tertiary (Schwarzer and 
Littke, 2007), so that disregarding erosion during computation probably does not influence the 
modelling results.  
 
In this case study, the API gravities (Table  8-2) of the unaltered (non-biodegraded) petroleum 
predicted from 3D basin modelling range around 34° and appear too low as compared to API 
values of 39 – 40° reported for essentially undegraded fields in the area. Field B, which shows 
more signs of biodegradation than Field A, has present day API gravities between 25 and 26°, 
implying that biodegradation resulted in a 14 – 15° decrease in API gravity. The 
biodegradation rates were adjusted in such a way that the offset (14 – 15° less than the 
calculated initial API of 34°) was reproduced by the biodegradation modelling taking the 
predicted API values down to 19 – 20°. For Field A the offset is 7 – 8°; it could be reproduced 
using the same value for the maximum biodegradation rate as for Field B. We expect that the 
compositional information derived from the PhaseKinetics model used is representative of the 
unaltered fluid composition of the natural petroleum phase. Differences in the original API 
gravities between the natural and predicted petroleum phase are solely due to a simplistic 
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approximation of the physical properties of the liquid phase (see di Primio and Horsfield, 
2006). For the present study this discrepancy in API gravities has no further consequence, as 
the biodegradation routine does not depend on the physical properties of the individual 
components defined in the kinetic model, but only alters the proportions of these groups.  
 
As stated above, the biodegradation rate model does not take into account "refrigerator 
effects". For the two reservoirs investigated here this is not relevant because throughout their 
geological history they have never been exposed to temperatures low enough to inhibit 
microbial activity.  
 
Modelled and observed decreases in API gravity (7 – 8° and 14 – 15° for field A and B, 
respectively) can be matched by assuming a maximum biodegradation rate of 15 kg · m-2 · 
Ma-1. The "oil-water contact area" values computed by the PetroMod version used in this 
study represent the projection of the oil-filled area and do not take into account areas with 
bottom-seals (e.g. shale layers) where no effective oil-water contact exists. In consequence, 
real oil-water contact areas may be significantly lower. Thus, biodegradation rates derived 
from this study represent minimum values and higher rates may be required if the effective 
oil-water contact areas are taken into account. The rates computed here are, however, in 
accordance with the field-wide minimum biodegradation rates of 10-8 kg hydrocarbons · kg-1 
oil · a-1 proposed by Larter et al. (2003; Figure  6-2): Thus, for an oil column of 50 m, 10 % 
porosity, 20 % water saturation and 650 kg/m³ in situ oil density (corresponding to 2600 kg 
oil), the minimum biodegradation rate (Larter et al., 2003) yields 26 kg · m-2 · Ma-1. Even 
with different average oil column heights, the order of magnitude of our applied 
biodegradation rates appears realistic. However, our modelled biodegradation rate is an order 
of magnitude lower than the biodegradation fluxes (rates) in clastic reservoirs of 10-4 to 10-3 
kg · m-2 · a-1 (100 to 1000 kg · m-2 · Ma-1) and the net flux of 2.45 · 10-4 kg · m-2 · a-1 (245 kg 
· m-2 · Ma-1) for a Chinese lacustrine heavy oil, both stated by Larter et al. (2006). This 
discrepancy can be attributed to uncertainties in the estimation/prediction of the oil-water 
contact area in the numerical model and also might result from a different oil composition. 
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8.7 Conclusions 
 
Filling and temperature histories as well as petroleum compositions are regarded as principal 
factors controlling in-reservoir biodegradation of natural oil. Under favourable circumstances, 
these factors can be deduced from numerical petroleum systems modelling. Other factors that 
are also of importance such as availability of electron acceptors, meteoric water flow etc. are 
often more difficult to quantify.  
 
It could be shown that the Biodegradation Index (BDI) by Yu et al. (2002) based exclusively 
on the temperature history of a reservoir is unlikely to provide a reliable prediction of oil 
quality reduction due to biodegradation, at least when filling histories differ. The improved 
Biodegradation Index Pro (Wilhelms et al., 2004) showed the correct trend but did not 
provide satisfactory predictions for the two investigated reservoirs.  
 
Application of the new procedure to Middle Jurassic reservoirs in two fields of the Gifhorn 
Trough in northern Germany showed that the observed differences in API gravity could be 
related to the interplay of reservoir filling and biodegradation while burial and temperature 
histories of both reservoirs were very similar. Good control of source and reservoir rocks as 
well as maturity in this petroleum province allowed for well-calibrated petroleum systems 
modelling. After tuning the Biodexx calculation for one of the reservoirs, a satisfactory 
prediction of the API gravity of the oil in the other reservoir was obtained in the subsequent 
modelling run. More tests are necessary and presently under way in order to further constrain 
the model parameters and improve the reliability of the predictions for biodegradation effects 
and oil quality.  
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9 Case Study British North Sea 
 
9.1 Introduction 
 
The aim of this case study is to test whether the developed biodegradation prediction tool 
Biodexx can reproduce the observed biodegradation-induced API gravity reduction and 
whether it would predict the differences in the biodegradation effects for two different traps 
for which oil samples have been analysed. Whereas in the first case study different oil fields 
were compared in their biodegradation behaviour, within this study slight compositional 
changes of accumulated petroleum in an oil field with a gas cap are addressed.  
 
The study was carried out by first building and calibrating a petroleum systems model of the 
study area and then extracting the relevant data for the Biodexx calculations. As the case 
study represents a complex application for biodegradation prediction, the standard workflow 
described in Chapter  7 does not apply and was modified as documented here.  
 
 
9.2 Geological Background 
 
The oil and gas field analysed is located in a rift system close to a horst structure (see Figure 
 9-1 for overview) in the British North Sea. Rifting of the intracontinental basin took place in 
two phases, one related to the break-up of Pangaea in the Triassic and one in the Late Jurassic 
which was followed by thermal subsidence from the Cretaceous onwards.  
 
Jurassic sediments along the margin of the basin unconformably overlie granitic basement as 
a result of the Mid-Cimmerian tectonism. While the sedimentary succession in the Jurassic is 
largely dominated by marine shales, sand bodies like lenses and channels formed during the 
Early Jurassic. These are the locations in which minor petroleum accumulations are found. 
The Upper Jurassic Kimmeridge Clay Formation (KCF) was deposited in a rift phase and 
represents the only source rock in the study area.  
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Figure  9-1 Structure of the petroleum systems model showing the distribution of the source rock and reservoirs; 
shown in blue is the non-reservoir facies in the channel; outlined in green is the approximate location of the 
studied petroleum reservoir; a cross section at the location of the white line is shown in Fig 9-2 
 
The basin's post-rift phase started in the Cretaceous. Sedimentation generally remained shale 
dominated with Lower Cretaceous turbiditic sand bodies representing the main reservoir rocks 
in the study area. The sediments was supplied by erosion of the near-by horst block (Figure 
 9-1). The sand unit containing the reservoir studied here can be subdivided into a channel and 
an adjacent flank forming a combined structural and stratigraphic trap towards the horst. 
While the channel consists of a homogeneous sand body, the flank is characterized by 
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interbedded sands and shales. The Lower Cretaceous turbiditic channel and flank sub-
reservoirs are the areas of interest of this case study. 
 
During the Late Cretaceous, thick sections of chalk were deposited. The Cenozoic record 
consists mainly of sandstones and claystones of relatively uniform thickness (around 800-
900 m above the investigated reservoirs; Figure  9-2). Erosion affected these sediments during 
the Eocene. 
 
 
Figure  9-2 Cross section of the study area; the location of the extracted profile is indicated by the white line in 
Figure  9-1 
 
The Kimmeridge Clay Formation is reported to have reached peak maturity in the graben 
centres during Early Tertiary (Brooks, 1983). The geochemistry of the oils from the studied 
field suggests that they are early to peak mature. Based on benzocarbazole distributions in the 
oils (BG internal report), migration distances were estimated to amount to several tens of 
kilometres. Therefore it can be concluded that they have been generated off structure.  
 
The API gravity of the reservoired oils has been reported to be around 30-32°. The reservoir is 
not compartmentalised. Especially in the channel the oil exhibits a homogenous composition. 
A geochemical study based on biomarkers suggests that subtle differences in the oil and gas 
compositions are only due to biodegradation and maturity differences. The gas is associated to 
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the oil and shows effects of biodegradation. It is characterized by low concentrations of C2+ 
components and CO2 concentrations > 1 %. The observed enrichment of heavy carbon 
isotopes in ethane is attributed to biodegradation as well. Very low oil saturations in the gas 
cap suggest that a single oil phase has never been present in the reservoir. Oil and gas have 
been reported to be in equilibrium (BG internal report).  
 
There is only little difference between the oils in the channel and flank part of the reservoir. 
An overview is given in Figure  9-3. Biodegradation of the oil is minor with a level of 1-2 on 
the scale of Peters and Moldowan (1993) as can be concluded from the whole oil gas 
chromatograms (Figure  9-4, Figure  9-5) where the main effect of biodegradation is the 
depletion of low molecular weight n-alkanes (< n-C16). Based on this parameter, it is likely 
that the channel has experienced more biodegradation. The reported pristane/n-C17 and 
phytane/n-C18 ratios are 1.59 and 1.30 for the channel oil and 0.88 and 0.67 for the flank, 
respectively. These parameters as well indicate a higher degree of biodegradation in the 
channel section of the reservoir. On the other hand, higher amounts of isoprenoids compared 
to n-alkanes have been documented for an oil from another well situated in the channel which 
contrasts to the pristane/n-C17 and phytane/n-C18 ratios which indicate slightly higher 
biodegradation in the flank when the values are derived from peak heights in the two available 
gas chromatograms. This shows the variability in biodegradation effects. The API gravities 
are 30.3° for the channel and 31.6° for the flank.  
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Figure  9-3 Overview of the oil characteristics in the channel and flank reservoirs; See Figure  9-1 for further 
explanations 
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Figure  9-4 Whole oil gas chromatogram from the channel reservoir. The API gravity of the oil is 30.3°. N-
alkanes are labelled according to carbon number.  
 
 
Figure  9-5 Whole oil gas chromatogram from the flank reservoir. The API gravity of the oil is 31.6°. N-alkanes 
are labelled according to carbon number.  
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The oil from the study area which is not affected by biodegradation is characterized by n-
alkanes that are unaltered and show a smooth distribution. This oil has an API gravity of 37°. 
A whole oil gas chromatogram of a typical oil generated from the Kimmeridge Clay 
Formation is shown in Figure  9-6. It is considered to represent an undegraded oil in the study 
area. 
 
 
Figure  9-6 Whole oil gas chromatogram from a typical oil from the Kimmeridge Clay Formation. The API 
gravity of the oil is 37°. N-alkanes are labelled according to carbon number. 
 
 
9.3 Methods 
 
The petroleum systems model was built using the PetroMod software (Version 10) by 
IES/Schlumberger. 
 
The model is based on 10 depth-converted seismic horizons (Figure  9-2) provided by BG. The 
layers, their absolute ages, average thicknesses and assigned lithologies using the PetroMod 
predefined petrophysical parameters, as well as heat flow values are shown in Table  9-1. The 
age of the stratigraphic layers' definition is based on the scale of International Commission on 
Stratigraphy (2008).  
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Table  9-1 List of events with according ages, PetroMod lithologies of the layers, their thickness and heat flow in 
the area defined by seismic interpretation at the times stated in the column Deposition/Erosion Age to 
Event 
no. Event Name
Deposition/Erosion 
Age from (Ma)
Deposition/Erosion 
Age to (Ma) Lithology
Heat flow 
(mW · m-2)
Mean Thickness 
(m)
12 Erosion_1 55.8 36 55 500
11 01_Tertiary 65.5 55.8 Shale (typical) 55 1094
10 02_Chalk 99.6 65.5 Chalk (typical) 55 426
9 03_Seal 106.5 99.6 Shale (typical) 55 59
8 04_Cretaceous_Reservoir 110.1 106.5 Sandstone (typical), Shale (typical) 55 7
7 04_Cretaceous 121 110.1 Sandstone (typical), Shale (typical) 56 21
6 05_Cretaceous 126.5 121 Sandstone (typical) 65 65
5 06_Cretaceous 132 126.5 Sandstone (typical) 60 233
4 07_Cretaceous 145.5 132 Sandstone (typical) 55 167
3 08_KCF_source_rock 155.7 150.8 Shale (typical) 50 186
2 09_Jurassic 199.6 155.7 Shale (typical) 48 558
1 10_Basement 252 199.6 BASEMENT 42 2847   
 
To account for the different net-to-gross ratios of the channel and the flank reservoir, the 
reservoir layer has been subdivided. In the flank area only a portion in the upper part (a 
quarter of the main Lower Cretaceous reservoir layer, Figure  9-2) has been assigned sand 
lithology whereas the channel consists of sand throughout the Lower Cretaceous.  
 
The faults in the modelled area have no relevance for the maturation and migration history 
and have therefore not been integrated into the model.  
 
Based on vitrinite reflectance values for one well, erosion in the study area has been estimated 
to be around 600 m (BG internal report). Other erosion estimates of the region are in the range 
of 0-250 m with high variations at single locations (Evans et al., 2003). In the final model, 
500 m have been assumed as eroded thickness during the Tertiary (Figure  9-10; see discussion 
(Chapter  9.6) for more on the uncertainties of the results).  
 
The geometry of the steep slopes in the region of the flank inherently has higher uncertainty 
as smaller differences in the seismic interpretation result in large depth differences after time-
depth conversion. This resulted in intersections of the original horizons which were corrected 
for during model building by cutting out the intersections and interpolating the maps in the 
now undefined areas.  
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The method of Wygrala (1989) which is integrated in PetroMod was used to derive the palaeo 
sediment-water interface temperatures. Palaeo water depths are based on considerations of the 
depositional environment and have been assigned uniformly for each time step. The palaeo 
water depths are listed in Table  9-2.  
 
Table  9-2 Palaeo water depth in the petroleum systems model 
Time (Ma) Palaeo water depth (m)
55.8 200
65.5 30
99.6 150
106.5 50
136.5 50
138.63 200
145.5 200
200 1000
 
 
The Kimmeridge Clay Formation source rock is implemented in the model with a TOC of 6 % 
and a Hydrogen Index of 450 mgHC/gTOC which best reflects the immature source rock 
properties in the study area (Cornford, 1990). The 14 component kinetics model 
IES_Kimmeridge_Clay-BH263 from the PhaseKinetics (di Primio and Horsfield, 2006) 
database in PetroMod has been applied. The kinetics parameters were measured on a sample 
from the Kimmeridge Clay Formation.  
 
The seismic survey from which the structure maps have been derived does not cover the 
mature KCF source rock in the kitchen area of the reservoirs of interest. Therefore, to be able 
to analyse the charge histories, the kitchen area had to be generically added by extrapolating 
the existing maps. This was done in accordance to available maturity maps by Underhill 
(2003; Figure  9-7). In a first step, the maps were extrapolated in the study area. After a check 
on the mass balance it was obvious that this approach was reasonable as the modelled and 
observed petroleum masses were in the same order of magnitude. To reflect measured oil 
maturities of an equivalent vitrinite reflectance of 0.7-0.9 % (early to peak oil window) the 
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heat flow was increased. The source rock thickness was increased to yield a better match of 
predicted and actual petroleum masses in the reservoir (Chapter  9.4).  
 
The current model validly approximates the timing of generation and migration. In reality the 
kitchen area is located in a deeper and cooler setting further in the basin. If a shallower source 
rock depth is combined with a hotter thermal regime, a steeper generation curve will be the 
result, i.e. petroleum generation will occur in a shorter time span. Since the heat flow is lower 
in reality, larger depth zones of same relative maturity will be more reasonable. This will 
increase the amount of low-maturity oil to mix with higher maturity oil which will occur to a 
much lower extent in the new built model. Further extrapolation of the maps towards a deeper 
kitchen would inherently result in larger uncertainty and larger model size so that with all the 
considerations above. 
 
 
Figure  9-7 Areal extent of mature source rocks belonging to the Upper Jurassic, Kimmeridge Clay Formation at 
present day (after Underhill, 2003) 
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The model covers an area of 23 x 23 km (Figure  9-1). With the original resolution of the 
imported horizons of 100 x 50 m the total number of cells in the finite element model is 2.3 
million. During the simulation, sampling to a resolution of 300 x 100 m was applied to reduce 
the simulation times. The algorithm EASY%Ro of Sweeney and Burnham (1990) has been 
used for maturity calculations based on vitrinite reflectance. The hybrid method (Hantschel et 
al., 2000; Welte et al., 2000; Chapter  8.2) developed by IES/Schlumberger has been used for 
migration modelling. Output was written for the time steps listed in Table  9-3.  
 
Table  9-3 List of output ages in the petroleum systems model 
Time (Ma) Time (Ma) Time (Ma) Time (Ma)
0 16 42 121
1 18 44 126.5
2 20 46 132
3 22 48 136.5
4 24 50 138.63
5 26 55 145
6 28 55.8 145.5
7 30 63 150.8
8 32 65.5 155.7
9 34 99.5 199.6
10 36 99.6 200
12 38 106.5 252
14 40 110.13
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9.4 Results of Maturity and Migration Modelling 
 
The source rock has been extrapolated towards the deeper basin as described in Chapter  9.3. 
According to the thermal model and the modelled geometry of the source rock layer which is 
displayed in Figure  9-8, the KCF in the deep kitchen area is late oil to gas mature at present 
day whereas close to the flank, the KCF remains immature (Figure  9-9). 
 
Figure  9-8 Depth of the Kimmeridge Clay Formation source rock layer in the model. NB the part in the lower 
left side marked with orange outline has been added to simulate off-structure generation of oil. The pink line 
indicated the site of the 1D pseudo well extraction (Figure  9-10, Figure  9-12) 
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Figure  9-9 Maturity map of top Kimmeridge Clay Formation based on vitrinite reflectance 
 
Deepest burial and highest temperatures were reached during the early Palaeogene prior to 
erosion which can be seen in the burial history in the deep part of the kitchen area (Figure 
 9-10).  
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Figure  9-10 Burial history in the kitchen area (extracted at location marked in Figure  9-8). NB the palaeo water 
depths (Table  9-2) are reflected here. Generally temperatures increase as a result of burial. 
 
 
Figure  9-11 Reservoir temperature history extracted from the highest point of the present day accumulation. 
Note peak temperature reached during early Palaeogene and the subsequent temperature decrease due to uplift 
erosion.  
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Only the present day temperatures in the reservoir and the timing of maturation (Chapter  9.2) 
were available for calibration. Present day temperatures in the central reservoir are about 
54 °C. For comparison, the temperature history shown in Figure  9-11 illustrates the general 
temperature development of the reservoir. The temperature is predicted to have risen steadily 
until 55 Ma. Then, due to uplift and erosion of the Tertiary section, temperatures dropped.  
 
The temperatures in PetroMod can only be extracted from the cell at the highest point of the 
corresponding drainage area which in this case is on the flank. Thus, the deeper channel 
reservoirs have experienced higher palaeo temperatures than reflected in the displayed 
temperature history (Figure  9-11). Especially towards the oil-water contact, the true reservoir 
temperatures will always be slightly higher. The peak of the temperature at the end of the 
Tertiary deposition period depends on the amount of deposition and subsequent erosion. In the 
final model, the temperature at the highest point almost reaches 80 °C assuming 500 m of 
erosion (Figure  9-11). The temperatures extracted from PetroCharge Express are slightly 
higher and exceed 80 °C unlike in Figure  9-11. The differences are due to different extraction 
routines. With the considerations above, the 80 °C biodegradation limit in the model is likely 
to be exceeded in the reservoir. This is certainly the case in the deeper parts of the reservoir 
and especially in the channel section. According to this model, the reservoir was at least in 
parts sterilized due to the elevated temperatures at deepest burial. As a result, biodegradation 
was only active until about 57 Ma (Figure  9-11) because later the effect of 
palaeopasteurization stopped further microbial activity.  
 
The reported timing of main maturation in Early Tertiary is reflected in the model by the 
increase in transformation ratio between 65 and 55 Ma (Figure  9-12). The modelled charge 
history of the reservoir includes the entire fetch area of the present day accumulation and is 
shown in Figure  9-13. It is obvious that the main increase in transformation ratio (around 60 
Ma; Figure  9-12) predates times of highest charge rate (65-55 Ma; Figure  9-13). Migration 
into the flank reservoir proceeded through the channel reservoir; therefore all of the oil in the 
flank reservoir has flown through the channel. 
 
The final PetroMod model yields an estimated oil volume of 527 MMbbl in the reservoirs, 
which is 12 % more than the 470 MMbbl oil in place. The calculated API gravity without 
considering biodegradation is 32.6 °API at present day. The undegraded oil in the study area 
has 37 °API gravity (Chapter  9.2).  
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Figure  9-12 Time plot showing maturation (vitrinite reflectance, blue line) and transformation ratio evolution 
(red line) of the Kimmeridge Clay Formation source rock in the kitchen area; extracted at the location indicated 
in Figure  9-8 
 
 
Figure  9-13 Filling history of the studied accumulation 
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9.5 Application of Biodexx on the 3D Case Study – non-Trivial Case 
 
A large difficulty arises from the reservoir shape: whereas at present day the oil and gas field 
is a single accumulation, the PetroMod simulation indicated that it consisted of several 
smaller accumulations in the past. It is therefore not possible to calculate biodegradation in 
the different locations of the field based on the present day petroleum distribution pattern. An 
alternative approach to biodegradation modelling is thus required and will be described in the 
following.  
 
The gas cap has not been included in the biodegradation predictions because the gas is 
volumetrically not important. If there had been a significant gas volume, the masses of the gas 
had to be included in the calculation, i.e. the masses had to be added to the oil masses, and the 
composition in the Biodexx calculation would have to account for both the oil and the gas 
phase.  
 
For a first biodegradation assessment with Biodexx it is recommended to use the PetroCharge 
Express file for present day together with the default biodegradation parameters which will 
give a good overview. At this stage it should be checked whether a significant API decrease is 
predicted by Biodexx. Whereas in the first instance default parameters will be used, the next 
calculation aims at calibrating the biodegradation rate parameters. For this purpose like in the 
case study of the Gifhorn Trough (Chapter  8.4) a "target API" can be defined. It should be 
based on an average measured or estimated API in the oil field to investigate. If detailed 
compositional data are available they can be used to adjust the biodegradation rate parameters, 
biodegradabilities and relative biodegradation rates. Any adjustments to the geologic history 
can also be made in the next step, i.e. incorporation of new information on the geometry, 
charge history, etc. This is done by manually changing input data for the Biodexx calculation. 
 
In the next step, the input data for Biodexx are derived from the PetroCharge Express files 
that are not from present day but from the last time step when the different parts of the present 
day field were not yet conjunct. In addition to the Biodexx calculations, the different sub-
reservoirs must be investigated with regard to temperature histories, geometries, and filling 
histories. The aims for the Biodexx calculations and the detailed investigations of the 
modelling results are to reproduce the different biodegradation effects and to identify the 
reasons for them.  
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9.5.1 Step 1: Standard Workflow – Using Biodexx with the PetroCharge Express File 
for Present Day  
 
Calculations 
 
This first step is part of the suggested workflow for any biodegradation assessment. The 
present day file from PetroCharge Express is imported into Biodexx and the "target API" is 
defined. 
 
Assuming that the typical undegraded Kimmeridge Clay Formation oil of 37 °API (see 
Chapter  9.2, Figure  9-6) is representative for the undegraded oil in the investigated traps, the 
compositional change due to biodegradation has resulted in a 6° decrease in API gravity 
(Table  9-4) as the observed degraded oil has an API of around 31°. The petroleum systems 
model yielded an API value of 32.7° for the non-degraded oil ("Modelled original" in Table 1-
2). Subtracting the observed biodegradation-induced 6 °API offset results in a target API of 
26.7° (Table  9-4).  
 
Table  9-4 API gravities representing average values for the investigated field; the target API value has been 
derived by applying the offset between the probable original and the observed API (change due to 
biodegradation) to the modelled, undegraded API 
Representative °API for 
the whole field
Actual observed 31
Original (undegraded) 37
Change due to 
biodegradation -6
Modelled original 
(undegraded) 32.7
Target 26.7
 
 
The biodegradation parameters to be applied are the default values for the biodegradabilities 
and relative biodegradation rates found in the case study on the Gifhorn Trough (Table  8-3). 
In this first approximating Biodexx calculation, the biodegradation rate settings from the first 
case study are used: maximum biodegradation rate of 15 kg · m-2 · Ma-1, T1 = 65 °C, and σ = 
5 °C. Application of these assumptions leads to a prediction of 32.0 °API, i.e. a decrease of 
2.7 °API is modelled in contrast to the observed reduction of 6 °API. The API calculated with 
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Biodexx matches the target API only when a maximum biodegradation rate of 800 kg · m-2 · 
Ma-1 is used. The level of confidence and the available information do not allow further 
calibration so that the biodegradabilities and relative biodegradation rates are left at default.  
 
 
Implications of the Results 
 
The calculated necessary biodegradation rate required to match the biodegradation-induced 
API gravity decrease is very high. The main reason for this is that the temperature history 
extracted from PetroMod includes a time interval with temperatures exceeding 80 °C (Figure 
 9-11), a value which is defined as the pasteurization temperature. The Biodexx algorithm 
contains a palaeopasteurization module that will cause a complete suppression of 
biodegradation once the temperature has been exceeded. In the present case study this high 
temperature is reached at a relatively early stage of the filling history. Therefore any effect of 
biodegradation would be related to early biodegradation in the beginning of oil charge which 
implicates the high biodegradation rates.  
 
According to the palaeo temperature reconstruction, the pasteurization temperature was 
exceeded at 55.8 Ma. By that time the reservoir contained already about half of the present 
day petroleum volumes (Figure  9-13) and the oil charge after 55.8 Ma is high enough to 
overprint the characteristics of earlier biodegradation effects. However, the observed n-alkane 
signature with the characteristic depletion of low molecular weight n-alkanes of the oils 
(Figure  9-4, Figure  9-5) is typical for late and/or recent biodegradation. It can therefore be 
concluded that the modelled temperature history is not realistic. The high modelled 
temperatures are probably a result of overestimating erosion in the petroleum systems model. 
In the next step, the temperatures were changed manually to fit observations. This is a valid 
approach as vitrinite reflectance data have not been available for the calibration of the model 
which results in a high uncertainty with regard to the temperature history and the amount of 
erosion. It is therefore possible to perform a sensitivity analysis of the effect of erosion to 
assess temperature uncertainties.  
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9.5.2 Step 2: Modification of Biodexx Input 
 
Because in the previous step the palaeo reservoir temperatures in the petroleum systems 
model were proven to be too high, the temperatures in the Biodexx calculations were lowered 
manually. Changing them in the petroleum systems model and re-running the simulation 
would have been too time consuming. Assuming only 100 m erosion instead of 500 m and a 
palaeo-geothermal gradient of 30 °C/km, the temperatures would have been overestimated by 
12 °C. This value is subtracted from the PetroMod temperature output for the time step 55.8 
Ma corresponding to deepest burial. Temperatures for 63 Ma, between 55 and 38 Ma and 
between 34 and 1 Ma were adjusted accordingly by assuming a linear temperature 
development. With these assumptions Tertiary reservoir temperatures are low enough and 
biodegradation does not stop.  
  
With the adjusted temperatures, the calculated API gravity decrease and the target API is 
reached by using a maximum biodegradation rate of 235 kg · m-2 · Ma-1 which is considered a 
reasonable rate (cf. Gifhorn Trough case study; Chapter  8.7).  
 
 
9.5.3 Step 3: Application of Biodexx to the Individual Palaeo Accumulations  
 
According to the model, sections of the present day reservoir underwent differential filling 
and temperature histories and were merged at a later stage. In consequence, these reservoir 
sections have different biodegradation risks. The last time step during which these reservoir 
sections were separated is 55 Ma which can be identified with the PetroCharge Express 
module.  
 
The workflow in Biodexx is straightforward: the files produced in PetroCharge Express for 55 
Ma for the different reservoir sections (channel and flank) are input like the present day file. 
The values for the biodegradation rate parameters are the same as those used and found in 
Step 2 (Chapter  9.5.2). They should in any case be kept constant in all Biodexx calculations in 
this step to allow for comparison between the different areas. The same manual corrections 
for the temperature history were applied as in Step 2.  
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Based on the different temperature and charge histories for the flank and the channel 
accumulations existing at 55 Ma, the Biodexx calculation predicts an API gravity of 18.5° for 
the channel reservoir and 30.0° for the flank reservoir. Compared to the observed oil 
characteristics (Chapter  9.2) this overestimates the effects of biodegradation in both locations 
because the rate used has been derived for predicting biodegradation for the entire reservoir. 
However, the relative levels of biodegradation are clearly reflected by the values. 
 
 
9.5.4 Sensitivities 
 
For the biodegradation prediction, calibration to reservoir porosities is not critical when the 
investigated reservoirs have similar porosities. In contrast, when porosities are predicted to 
vary due to reservoir heterogeneity this is an additional uncertainty like in this case study. 
Here, the relative accumulated volumes in the channel and flank reservoir are probably not 
realistic as the reservoir facies in the model was assumed to consist of pure sandstones. This 
overestimates porosity and thus volumes, but also permeability. In the flank, mixed sand and 
silt lithology is present so that the reservoir volume is overestimated even more. A check of 
the volume uncertainty can be done by assuming that from the onset of filling to 55 Ma the 
volumes in the channel were twice as large as predicted in the petroleum systems model 
whereas in the flank they were half. The other settings are as in the calculations in Chapter 
 9.5.3. Biodexx calculations result in a prediction of 20.4 °API for the channel and 29.3 °API 
for the flank reservoir oils, compared to 18.4 °API for the channel and 30.0 °API for the flank 
in the original biodegradation prediction (all at 55 Ma). More extreme scenarios, e.g. when 
masses are increased/reduced by a factor of 10, are not thought to be valid because the 
boundary conditions (especially oil column height and oil-water contact area) would not be 
accounted for by the scenario and would have to be corrected first. Resulting from the 
sensitivity analysis it can be concluded that porosity uncertainties do not influence the relative 
biodegradation risk, i.e. it remains certain that biodegradation affected the channel oils more 
heavily than the flank oils. 
 
The effect of eroded Tertiary thickness is investigated in the following. For this purpose, a 
biodegradation rate of 100 kg · m-2 · Ma-1 was used together with an assumed geothermal 
gradient of 30 °C/km. Like in Chapter  9.5.2 the temperatures were adjusted corresponding to 
the assumed erosion amounts. With the described approach, the predicted API gravity is 
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around 28.1° for eroded thicknesses up to 300 m and around 29.9° for eroded thicknesses 
above 400 m showing that small differences in the geological assumptions can result in large 
differences in the predicted biodegradation effects.  
 
To reach the target API in the same temperature corrected erosion scenarios, a biodegradation 
rate of 225 (for no erosion) to 260 kg · m-2 · Ma-1 (300 m erosion) is necessary while in the 
scenarios with temperatures higher than 80 °C in some time steps, i.e. > 400 m erosion, due to 
palaeopasteurization a biodegradation rate of 800 kg · m-2 · Ma-1 is required.  
 
 
9.6 Discussion 
 
Calibration of the petroleum systems model to reservoir volumes is often not possible and has 
implications on the biodegradation rates: If accumulated volumes are overestimated, the 
biodegradation rate must be higher to compensate for it; if underestimated of the volumes in 
return will require lower biodegradation rates for the same biodegradation effect. When the 
volume uncertainty is high it has to be kept in mind that the biodegradation rates reported in 
the literature may not apply.  
 
Maturity modelling in the presented study area is problematic as the kitchen area is not 
covered by the original maps. To model the oil maturity known from geochemical analyses 
(see Chapter  9.3) the kitchen area was artificially added. The model was iteratively calibrated 
to hydrocarbon volumes. The approach of adding a petroleum kitchen has inherent 
uncertainties.  
 
The flank is situated structurally higher and most of the early oil is trapped there while the 
channel receives most of its charge later. In addition, the temperatures in the flank are lower 
so that this accumulation seems to be more prone to biodegradation. Moreover it must be kept 
in mind that the area size of the oil-water contact is important. The flank reservoir consists of 
thinner sand intervals (only one in the model) which are steeply dipping. This geometry leads 
to a high ratio of oil-saturated volume to oil-water contact area which results in a relatively 
low biodegradation risk. In contrast, in the channel reservoir section a smaller oil volume is 
associated with a larger oil-water contact area, which increases the relative biodegradation 
risk. When the two related settings are compared, not only the absolute oil volumes, timing of 
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filling and temperatures have to be taken into account but also the relation between the two 
traps in terms of volumes and oil-water contact area and the evolution of both. In addition, 
uncertainties in the model such as geometries and oversimplifications like the reservoir 
lithologies have to be considered. Due to all the uncertainties, the calculated variations of API 
gravities should only be considered as an indicator of differential biodegradation risk.  
 
The present day relative biodegradation levels are similar to those at 55 Ma and therefore the 
early biodegradation (up to 55 Ma) is used for inferring biodegradation at present day. For the 
biodegradation history, timing and amount of filling are important factors as well as geometric 
aspects, i.e. oil-water contact area vs. oil column height or oil volume, respectively. Most of 
the oil charge was after 55 Ma which suggests that any effect of biodegradation could be 
overprinted by late charge. This may be true but it is also obvious that charge ceases around 
40 Ma. After that, the differences in oil-water contact area give rise to the more pronounced 
biodegradation in the channel as compared to the flank reservoir.  
 
It is important to note the simplified lithology assumptions in the model. As mentioned in 
Chapter  9.2, the flank is characterized by interbedded sand and shales. The oil-filled reservoir 
sands are confined by a top seal and an underseal, which will protect most of the oil from 
biodegradation. The extent of the underseals in the flank cannot be reflected in the petroleum 
systems model.  
 
As discussed before palaeopasteurization can be excluded based on the oil composition 
(Chapter  9.5.1), and it is thus obvious that the calculated palaeo temperatures are 
overestimated in the petroleum systems model. However, it may be argued that it is unlikely 
that under every geologic condition and time the boundary for microbial life in the reservoir 
rock is exactly the same. It is therefore possible that the pasteurization temperature in the 
provided case exceeds the usually cited 80 °C. Wilhelms et al. (2001) also mention a range of 
80-90 °C (Chapter  2.2). The temperature correction of the modelled thermal history can be 
seen as a workaround to the alternative of adjusting the pasteurization temperature and 
biodegradation rate function and has been chosen because the petroleum systems model has 
the higher uncertainties and also by this workflow only the maximum biodegradation rate had 
to be adjusted.  
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When the amount of erosion in relation to the temperature is assessed it has to be kept in mind 
that the actual reservoir temperatures depend not only on the burial depth but also on the 
temperature field. Here, especially the assumed basal heat flow is important. When, as in this 
case study, few calibration data are available there is a large uncertainty, and alternative 
scenarios where the pasteurization temperature in the reservoir is not reached are also 
conceivable. These scenarios can include deeper burial followed by higher erosion thicknesses 
at lower palaeo-temperatures (lower heat flow). The small distance between the channel and 
flank part of the reservoir imply that the geologic conditions are similar so that even when 
taking into account the non-uniqueness of the model outcomes, concepts and results discussed 
in the scope of this study are still valid.  
 
Various published algorithms exist for API prediction (cf. Danesh, 1998) which indicates that 
API prediction is rather difficult and might give unreliable results when calibration is not 
possible. Modelling biodegradation effects by means of API gravity decrease like in the two 
case studies here is seen as the only possibility because there is not enough oil compositional 
data available and the petroleum systems model cannot be calibrated to it.  
 
 
9.7 Summary and Conclusions 
 
In the present case study, compositional differences in the channel and flank sub-reservoirs 
within a single oil and gas field in the British North Sea were addressed. For this purpose, a 
new workflow was designed, by which biodegradation-induced oil quality differences in a 
single oil or oil and gas field can be investigated. The same general workflow can also be 
applied in cases with high uncertainties in the petroleum systems models either due to the 
inherent uncertainty like in frontier areas, due to time constraints or technical difficulties.  
 
The constructed petroleum systems model makes it difficult to predict biodegradation: 
calibration of the model is not straightforward as calibration data are lacking and the source 
rock is not covered by seismic imaging and therefore had to be inferred to be able to simulate 
the timing and masses of petroleum generation. The lack of a well-defined and reliable 
petroleum systems model allowed to manually adjust the input data for the biodegradation 
prediction. The modelled filling histories are thought to be valid whereas the temperature 
history in uncertain. According to the model, the predicted maximum temperatures are higher 
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than 80 °C during the filling phase. This means that the reservoir will have been sterile during 
the time when most of the charge arrived at the reservoir. However, from the geochemical 
data it can be concluded that biodegradation is still ongoing and/or occurred very recently so 
that palaeopasteurization can be excluded. The maximum temperatures are hence 
overestimated, which is most probably a result of the overestimation of the extent of the 
Tertiary erosion. In the case study it has been found that the predicted effects of 
biodegradation are highly sensitive to the eroded thickness. Sensitivities have been analysed, 
which is advised to do in any case, but especially whenever the pasteurization temperature 
might be reached or exceeded. 
 
The observed field-wide oil composition can be explained with the revised temperature 
history and the charge history derived from the petroleum systems model: biodegradation was 
dominant during early filling leading to the unresolved complex mixture observed as a 
"hump" in the gas chromatograms. When the filling rate increased, biodegradation could not 
keep up with charge but when filling stopped, biodegradation led to depletion of the low 
molecular weight n-alkanes.  
 
The main reason for the present day biodegradation effects in the different parts of the oil and 
gas field is considered to be a much larger oil-water contact area vs. oil column height in the 
channel where the higher degree of biodegradation is observed. The later charge in the 
channel as proposed by the basin model does not enhance oil quality by simply overprinting 
its biodegradation signature. Because charge ceases, and due to the above-mentioned 
geometric conditions the reservoired oil in the channel is prone to substantial microbial attack 
after 40 Ma. On the other hand the absence of late charge in the flank does not affect oil 
quality much, as the oil-water contact area to oil volume ratio is comparatively low and a 
large, early charge with high oil columns reduces the effect of microbial attack. 
 
The following recommendations for a best practice workflow for investigating biodegradation 
influence in different parts of an oil field or an oil and gas field are derived.  
• The present day output file from PetroCharge Express should be used as the input file 
for Biodexx and used together with the default values for the biodegradation 
parameters to check if the degree of the API gravity decrease is realistic. 
• If calibration to an API gravity that is more or less valid for the entire field or 
calibration to compositional data is possible, this should be done in the second step.  
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• The output data from petroleum systems modelling have to be compared to the known 
geologic conditions. If a conflict exists, the model has to be adjusted or the conflict 
has to be solved by manually changing the Biodexx input for all further calculations. 
This might be the faster however not recommended method.  
• The next step is to include the geologic history of the reservoir. PetroCharge Express 
files for earlier time steps can be used for these calculations. They have to be extracted 
for the different sections of the present day field. It is recommended to extract data 
from the time step immediately before the accumulations merge into one. The 
biodegradation parameters found by the calibration of the biodegradation prediction to 
the entire field should be used and kept unchanged for the different areas. The 
Biodexx calculation will then yield different biodegradation histories and effects for 
the field's subdomains.  
• To account for the large uncertainties, in addition to the Biodexx calculations the raw 
data coming from PetroCharge Express should be reviewed, especially the charge and 
the temperature histories and oil volume vs. oil-water contact areas. This should 
involve comparing the different parts of the present day reservoir instead of 
concentrating on absolute values of the modelled values and the calculation. 
 
The above described workflow was applied in this case study and the relative lower 
biodegradation-induced API gravity decrease in the flank compared to the channel reservoir 
could be reproduced.  
 
 
10 Summary 
 
This study aims at the development of a predictive scheme to assess the effects of natural in-
reservoir biodegradation. For this a new software tool named Biodexx was developed which 
makes use of output from 3D petroleum systems modelling to calculate biodegradation effects 
on the oil composition and properties. Biodexx is a VBA-based Excel tool.  
 
The occurrence and extent of in-reservoir petroleum biodegradation depends mainly on the 
temperature history of the reservoir, the charge history, the access to water, the oil-water 
contact area, and the composition and properties of the oil. All those aspects are considered in 
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Biodexx: From 3D petroleum systems models the temperature, petroleum composition and 
filling histories and geometric information are extracted and derived as main input. Direct 
information on nutrient availability is not considered in the biodegradation prediction tool. 
The influence of water salinity and possibly the type of microbes in the reservoir cannot yet 
be quantified and are also neglected in Biodexx. 
 
In Biodexx, for each time step the amount and composition of the petroleum charge into the 
reservoir is exposed to biodegradation. Biodegradation is modelled by a new developed 
temperature-dependent biodegradation rate function. Also palaeopasteurization is 
incorporated. The petroleum degradation process itself is described by a 14 component 
kinetics model. All of the individual components have been attributed different 
"biodegradabilities" and biodegradation rates to account for observed differences in their 
susceptibility to biodegradation. The output data from Biodexx consequently are petroleum 
compositions and the corresponding API gravities.  
 
The new biodegradation prediction method has been applied to model the biodegradation 
processes in two different petroleum systems. One case study from onshore Germany and one 
from offshore UK have been studied.  
 
The first case study area is located in the North German Basin in the Gifhorn Trough, where 
Jurassic reservoirs contain oils of variable API gravity (24° to 33°), although present depth 
and temperature are similar. Numerical modelling revealed, however, that the filling histories 
of the individual reservoir structures differ considerably. Taking into account filling and 
temperature history of the reservoir structures, the newly developed biodegradation algorithm 
Biodexx predicted compositional data and API gravities similar to those observed in the study 
area, whereas earlier biodegradation approaches such as the Biodegradation Index (BDI) by 
Yu et al. (2002) did not reproduce the different biodegradation levels in the two investigated 
fields.  
 
A single offshore oil and gas field in the British North Sea has been investigated in a second 
case study. The oil is trapped in Lower Cretaceous sandstones. It is slightly more biodegraded 
in a deeper channel section (30.3 °API) of the reservoir compared to the reservoirs at the flank 
of the structure (31.6 °API). Biodegradation levels are 1-2 on the scale of Peters and 
Moldowan (1993). The standard workflow was extended here to account for differences 
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within a field. Analysis of the filling and temperature histories of the channel and flank 
section of the reservoir were able to reproduce the slightly higher level biodegradation in the 
channel.  
 
In the case studies biodegradation could be related to differences in the charge histories and to 
differences in the ratio of oil-water contact area to oil volume of the compared reservoirs and 
reservoir parts. It was concluded that biodegradation intensity was not related to differences in 
the temperature histories.  
 
 
11 Future Work 
 
Modelling of biodegradation processes in petroleum reservoirs is a young discipline that has 
evolved recently. Therefore, the work done during the BioPetS project and this thesis, is still a 
very rough approximation. Many simplifications are included in the concepts and as the 
understanding of biodegradation principles as well as the computational power required for 
the petroleum description in compound groups will enhance, these simplifications have to be 
resolved.  
 
A main uncertainty are the microbial consortia, their behaviour and their variability both in 
space and time. As a result, microbial behaviour in petroleum reservoirs and especially during 
biodegradation is not known to a sufficient degree.  
 
There are generally only two approaches to this uncertainty: one is through laboratory studies 
that using the assumption of uniformitarianism might give direct or indirect indications on 
microbial behaviour in the reservoir. The other is that by gathering much data from 
biodegradation case studies, i.e. temperature and charge histories as well as salinity data, 
patterns and interrelations can become obvious. Laboratory work cannot solve all of the open 
questions because results acquired in the laboratory might not be related to petroleum 
reservoirs in terms of in situ conditions and in terms of the time frame considered. If in future 
enough case studies may be available, it might be possible to apply neural networks to 
identify the quantitative influence of the individual factors on biodegradation in the reservoir 
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which is not possible by routine analysis due to the multitude of biodegradation-influencing 
parameters.  
 
In consequence, the approaches described above can allow to adjust the biodegradation rate 
function and parameters. Also, when the evolution of the microbial communities can 
quantitatively be related to the environment characterized by redox conditions, nutrient 
availability, temperatures, lithology etc., a global relationship based on depositional 
information may be established to predict biodegradation behaviour more accurately through 
time in petroleum reservoirs.  
 
Probably the most important next task is to consider products of biodegradation in the 
calculations. Gas production has to be investigated considering (i) the type of gases that are 
produced, (ii) relative amounts of gases in relation to the educts, i.e. stoichiometry, (iii) the 
fate of these gases, and (iv) their influence on the reservoirs.  
 
For the precise modelling of biodegradation it is necessary to feed back the results in the 
biodegradation calculation during each time step into the basin modelling software. Only 
when this is done, migration of previously biodegraded oil is considered which may 
significantly influence reservoirs in fill-spill scenarios. In addition, situations where large 
amounts of gas are generated that will subsequently displace the liquid phase would then be 
handled correctly. This has, however, to be balanced between precise predictions and 
calculations that allow for fast checking of many scenarios of different boundary conditions 
influencing biodegradation. It is thus probable that for the majority of applications the post-
processing approach is not only suitable but also preferred when the above mentioned 
scenarios are rare.  
 
At this point, it is not possible to model biodegradation in a pure gas reservoir or in an oil 
reservoir with a gas cap. Only oil masses and their compositions will be read into the Biodexx 
tool. When only gas or oil and significant gas is present, the masses and compositions for the 
relevant time steps can manually be inserted into Biodexx. The following calculation will then 
consider all components so that only the extraction of the data is complicated but the 
calculation will be valid. In the future, the post-processing biodegradation prediction should 
be made easily possible also on pure gas and gas and oil reservoirs.  
 
121 
A more sophisticated biodegradation prediction will include a probabilistic Monte Carlo 
approach allowing for a better risk assessment and an overview on the range of possible 
outcomes.  
 
Any enhancement of the biodegradation predictions like those described in the last paragraphs 
will require loads of calibration data as numerous influences of the microbial activity are 
evident (Chapter  2.6).  
 
The main question in the application of the Biodexx concept is the appropriateness of the used 
kinetic compound groups for the mathematical biodegradation description. The compositional 
subdivision used was originally defined for phase equilibria modelling and GOR prediction; 
for biodegradation calculations it would be better to define groups according to their 
susceptibility to microbial attack (Figure  3-1) and not by their physical properties.  
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